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This thesis is concerned with the fabrication, characterisation and simulation of
3D semiconductor detectors. Due to their geometry, these detectors have more
efficient charge collection properties than current silicon and gallium arsenide
planar detectors.
The unit cell of these detectors is hexagonal with a central anode surrounded by
six cathode contacts. This geometry gives a uniform electric field with the
maximum drift and depletion distance set by electrode spacing, 85mm in this
project, rather than detector thickness, as in the case of planar detectors (typically
100-300mm). This results in lower applied biases (35-40 V in the work of this
project) compared to >200 V in typical planar detectors.
The reduction in bias offers the possibility of improved detector operation in the
presence of bulk radiation damage as lower voltage reduces leakage current which
limits the signal to noise ratio and hence the overall detector efficiency.
In this work, 3D detectors realised in Si, GaAs and SiC have been studied.
As part of fabrication of 3D detectors, dry etching, laser drilling and
photoelectrochemical etching have been investigated in detail, in order to create a
matrix of holes of uniform diameter (in the range of 10-30mm) and depth in the
range of 100-500mm in Si, GaAs and SiC substrates. Holes with an aspect ratio up
to 14:1 (depth to diameter ratio) have been successfully created in silicon wafers
using an plasma etching technique
A femtosecond laser has been used to achieve holes with higher aspect ratio, up to
50:1, in Si, GaAs and SiC. Using this technique, the first working 3D detectors in
GaAs and SiC have been demonstrated in this work.
6A photoelectrochemical etching system was successfully developed in the Physics
Department with which matrices of uniform holes have been etched successfully
in n-type silicon wafers with aspect hole ratios up to 15:1.
Process steps have been developed for the creation of Schottky contacts within the
holes created. Thin films of metals were evaporated inside high aspect ratio holes
in Si, GaAs and SiC substrates which were subsequently filled with gold using a
standard electroplating technique.
Preliminary fabrication steps that make use of the spin on glass technique and
polysilicon deposition were investigated in order to create p+-n junctions. In
particular, the possibility of growing layers of polysilicon inside high aspect ratio
holes has been demonstrated.
As part of the characterisation of the 3D detectors, the formation of the Schottky
junction has been verified by measuring the value of the barrier heights. These
values agreed with the data obtained for planar detectors reported in the literature.
Pulse height spectrum measurements were carried out for both alpha particles and
X-rays on silicon and gallium arsenide detectors. An energy separation for X-ray
illumination similar to standard planar detectors and an intrinsic efficiency close
to 100% has been found for the GaAs detector.
As part of the simulation, the MEDICI software package was used to analyse the
effect of the sidewall damage introduced by the etching in the 3D detectors. The
simulation showed that sidewall damage induced by dry etching reduces the
leakage current in the Schottky junction by two orders of magnitude.
Finally, the techniques developed for 3D detectors were successfully employed
for the fabrication of Gaseous Electron Multiplier for photomultiplier devices.
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1.1 3D detector geometry
1.2 Cross sections of semiconductor detectors made by standard
planar technology (right) and the 3D technique (left)
2.1 Cubic-crystal unit cells: (a) simple-cubic; (b) body-centred
cubic; (c) face-centred cubic
2.2 (a) Diamond lattice. (b) Zincblende lattice. a is the lattice
constant
2.3 Miller indices of some important planes in a cubic crystal
2.4 Formation of energy bands
2.5 The band structure of: (a) insulator; (b) semiconductor; (c)
conductor
2.6 Energy band structure of: (a) silicon (Si); (b) gallium
arsenide (GaAs). Eg in the picture is the energy band gap
2.7 Intrinsic semiconductor. (a) Schematic band diagram; (b)
density of states; (c) Fermi distribution function; (d) carrier
concentration
2.8 Atomic bonds of a semiconductor: (a) n-type doped silicon












2.9 Schematic band diagram, density of states, Fermi-Dirac
distribution and charge carrier concentration for (a) n-type
and (b) p-type semiconductors at thermal equilibrium
2.10 Carrier drift velocities as a function of electric field in
silicon and gallium arsenide at room temperature
2.11 Recombination and trapping processes in the band gap
2.12 (a) p-n junction with abrupt doping changes at the
metallurgical junction; (b) energy band diagram of an
abrupt junction at thermal equilibrium; (c) space charge
distribution; (d) rectangular approximation of the space
charge distribution
2.13 (a) One sided abrupt junction (with NA>>ND) in thermal
equilibrium; (b) space charge variation; (c) electric field
distribution; (d) potential distribution with distance from
junction
2.14 Depletion region and energy band diagrams for: (a) forward
bias and (b) reverse bias
2.15 Ideal current-voltage characteristic
2.16 Energy band diagram of a metal semiconductor contact
2.17 Current transport processes under reverse bias
2.18 Energy band diagram for a metal-vacuum system. The
metal work function is qfm and the barrier lowering is Df
2.19 Energy band diagram showing the Schottky effect for a













barrier lowerings under forward and reverse bias are
DfF and DfR respectively. The intrinsic barrier height is qf0
3.1 Specific energy loss of charged particles in matter as a
function of their kinetic energy
3.2 (a) Typical transmission-thickness curve. The mean range
(Rm) and the extrapolated range (Re) are indicated. (b)
Bragg curve showing the variation of S as a function of the
penetrating depth
3.3 Energy loss of an electron in an absorbing material. For
comparison the stopping power of a heavy charged particle
(proton) is shown
3.4 Photoelectric cross section in a material
3.5 (a) Kinematics of a Compton scattering. The energy
transferred is T=h(v-v’); (b) total Compton scattering cross
section
3.6 Pair production cross section vs. photon energy
3.7 The relative importance of the photon interaction processes.
t, s, k are respectively the photoelectric, Compton and pair
production probabilities per unit path length in the absorber
3.8 X-rays absorption efficiency of Si, GaAs and CdZnTe for
common detector thicknesses












3.10 Output pulse for three different interactions points
(indicated 0, 1 and 2) for a coaxial detector. The units in the
plot are arbitrary
3.11 Cross section of a microstrip detector
3.12 Cross section of a pixel detector, showing the attachment of
the detector (top) and readout electronics (bottom) using
bump bonding
3.13 (a) Cross section of a CCD showing the three clock voltages
(f1 ,f2, f3); (b) matrix of CCD
4.1 Photolithography steps to fabricate 3D detectors. The
photoresist layer, the oxide layer and the substrate are not to
scale
4.2 Schematic diagram of an STS inductively coupled plasma
system used for ASETM
4.3 Schematic of the ASE mechanism, showing alternating
passivation and etch cycles. During the passivating cycle
(a), fluorocarbon polymer covers all surfaces. During the
initial part of the etch cycle (b), the polymer is removed
from the base of the trench with the action of ion energy.
During the rest of the etch cycle (c), the exposed silicon is
etched isotropically
4.4 Holes etched using the parameters in table 2. On the left,
the cross-section of a 10mm hole is shown; on the right, the










4.5 Cross sections of: (a) 10mm hole; (b) 20mm hole; (c) 30mm
hole. Hexagonal geometry of: (d) 10mm holes; (e) 20mm
holes; (f) 30mm holes. All the holes have been etched for
100 minutes and have a pitch of 85mm
4.6 Plot of the depth obtained as a function of the etching time
for holes with different diameters. The lines shown are not
fits to the data, but guides to the eye.
4.7 Dry etched GaAs using the  STS facilities
4.8 Example of channelling in GaAs at horizontal and vertical
surfaces. In GaAs the damage penetration is maximum
along the (110) direction
4.9 Comparison of different types of laser
4.10 Schematic of the laser set-up
4.11 Picture of the laser working station. On the right are the x-y
stage and the vacuum tube where the sample is placed. The
“flying optics” is placed in the middle of the picture and
dichroics on the left
4.12 (a) Line of holes drilled at different focus settings; (b) detail
of a hole drilled with the beam  out of focus; (c) beam at the
optimal focus position; (d) matrix of holes machined at
different energies;  energy decreases from top to bottom; (e)
detail of holes drilled at 100mW (bottom) and 250mW










4.13 (a) matrix of holes drilled after covering the surface with a
thick layer of photoresist. The energy of the beam increases
from left to right while the position of the focus changes
vertically; (b) exit side of the holes in (a); (c) details of the
best holes at 39 and 85mW and the exit in (d); (e)
magnification to illustrate the debris resolidified around the
hole; (f) detail of the sidewall surface.
4.14 Schematic of the optical configuration of the laser
4.15 Holes obtained using the laser configuration shown in
figure 4.14. The first line of the holes in the far left picture
has been machined for 5 seconds and the rest for 10
seconds. The two other pictures show a magnification of
these holes.
4.16 (a) Matrix of holes obtained in silicon with the optimum
laser conditions; (b) detail of the hexagonal geometry; (c)
magnification of a hole; (d) backside of the matrix of holes
shown in (a); (e) cross section of a drilled hole; (f) exit side
of a hole
4.17 (a) Matrix of holes obtained in GaAs with the optimum
laser conditions; (b) detail of the hexagonal geometry; (c)







shown in (a); (e) cross section of drilled hole showing the
divergence of the beam; (f) exit side of a hole
4.18 (a) Silicon carbide holes drilled with the optimum laser
parameters; (b) details of a hole; (c) debris grown around
the entrance hole; (d) exit hole
4.19 Orientation dependent wet etching in (100) silicon. On the
top, a schematic of the process is shown. On the bottom,
(left) precise V-shaped dimple and (right) U-shaped groove.
The 400nm layer of SiO2 that masks the surface of the
substrate can be seen in the picture
4.20 Schematic of the set-up used for the electrochemical etching
process.
4.21 Current-voltage characteristics as a function of the light
intensity. The light intensity was varied by moving the lamp
away from the polycarbonate window. The current is not
normalised to the sample area
4.22 Schematic of the photochemical etching process
4.23 On the left is an example of how an electropolishing
process occurred instead of electrochemical etching. On the
right, the value of JPLS is shown for an ideal current-voltage
curve for the electrochemical process
4.24 Electrochemical etching of silicon samples. On the far left,









a cross-section from a saw cut of the matrix of holes. On the
right, is shown a detail of the smooth surface obtained right,
is shown a detail of the smooth surface obtained
5.1 Schematic of the lift off process. Schottky barriers have
been formed on all sidewall surfaces. Depending on the
polarisation, one of the Schottky contacts is forward biased
and therefore not rectifying. The plot is not to scale
5.2 Metal evaporated inside a 10mm hole. On the left, the metal
has been evaporated on the photoresist mask. In the middle,
the picture shows the bottom surface of the hole. On the
right, the sidewall surface is shown; the thickness of the
metal is about one third of the thickness evaporated on the
bottom of the hole (about 216nm)
5.3 Diffusion of  phosphorus inside the sidewall of 3D detectors
5.4 Diffusion coefficient in silicon for different dopants
5.5 On the left, dopant concentration as a function of distance
for different annealing times. On the right, dopant
concentration as a function of time at the point of maximum
gradient
5.6 Possible improvement of the read-out electronics bump-
bonded to a 3D detector. The picture shown here is for a









5.7 Gold electroplated inside dry etched holes. (a) Gold
uniformly growth on a sample surface; (b) side view of a
30mm hole about 25mm deep; (c) and (d) hole plated inside
a 20mm hole about 50mm deep; (e) and (f) the gold has been
lifted off the surface leaving a thick layer inside the hole.
5.8 Polysilicon deposition inside high aspect ratio holes. On the
left, the polysilicon has been uniformly deposited inside the
hole. On the right, a detail is shown of the polysilicon
grown on the sidewall surface. The rate of the growth inside
the hole is about one third of the rate on the wafer surface
5.9 Fabrication steps to create p+-n-n+ junction for 3D detectors.
The picture is not to scale.
5.10 Polysilicon etched from the wafer surface by the dry
etching process. (a) some polysilicon has been left around
the hole to allow contact formation, it can be seen that some
holes have been overetched; (b) detail of the surface after
the dry etching showing that only part of the polysilicon has
been removed; the polysilicon was deposited on the oxide
layer
5.11 (a) This picture shows strips of holes connected together,
one type of strip connecting all the central electrodes
whereas the other connect all the surrounding ones in order
to create the hexagonal geometry marked in red. (b) This







bonding the central electrode to the read-out electronics, l
aving the surrounding electrodes grounded
6.1 Measurements of barrier heights for different
semiconductors: (a) intrinsic silicon substrate dry etched;
(b) lightly n-doped (ND=1012cm-3) silicon dry etched; (c)
laser drilled intrinsic silicon; (d) laser drilled GaAs
6.2 Current-voltage characteristics measured in forward and
reverse bias for 3D detectors with different diameter holes.
The diameters are indicated in the plot
6.3 Current-voltage characteristics measured for different
semiconductors. The GaAs detector has laser drilled holes
with a diameter of about 10mm which are 525mm deep.
Silicon detectors have holes with a diameter of 10mm which
are 100mm deep. SiC has laser drilled holes with a diameter
of 10mm which are 300mm deep
6.4 On the left, the simulated hexagonal geometry of a 3D
detector is shown. The red circles are biased electrodes
whereas the blue circles are grounded electrodes; on the
right, the defect distribution around the electrodes is shown
6.5 (a) Current-voltage characteristic for different trap
concentrations. (b) Potential drop across a 3D detector. (c),
Current voltage curve for silicon 3D detectors dry etched
and with a diameter of 10mm. (d) A sample with similar







6.6 Capacitance-voltage characteristics for a 3D silicon detector
at different frequencies. The design used to carry out the
measurement is the one shown in figure 5.11.a. The value
of the capacitance has not been normalised to a single cell.
6.7 Alpha particle pulse height measurement apparatus. On the
left, is shown a detail of the 3D detector charge collection
design
6.8 Calibration peaks obtained by irradiation a reference silicon
detector with a multi emitter alpha particle source
6.9 Alpha particles produced in the decay of 238Pu. The scheme
shows the energy levels in the product nucleus labelled in
MeV
6.10 On the left, the alpha particle pulse height spectrum of a 3D
GaAs detector is shown for different biases. On the right,
the picture shows the charge collection efficiency for the
same detector. The detector was reverse biased
6.11 On the left, the alpha particle pulse height spectrum of a 3D
Si detector is shown for different biases. On the right, the
picture shows the charge collection efficiency for the same
detector. The detector was reverse biased
6.12 On the left, the general method for the generation of
characteristics X-rays from a target is shown. The exciting









other ionising radiation. On the right, a cross-section of a
compact source of characteristics X-rays which uses alpha
particle excitation of a target is shown.
6.13 X-ray pulse height spectrum for a laser drilled 3D gallium
arsenide detector
6.14 Schematic of the solid angle subtended by the detector at
the source
6.15 Spectrum curves at different bias obtained by illuminating
the GaAs detector with 45keV X-rays
6.16 CCE measured considering the peak position of the
Gaussian spectra in figure 6.16 and the active volume of the
3D detector, both as a function of the applied bias. The
detector was reverse biased
6.17 Total charge pulse in the simulated detector. (a) Charge
collection without sidewall damage at several biases. (b)
Charge collection with different concentration of sidewall
damage. The bias was set at 50V
7.1 Schematic representation of the GEM amplifying process.
The lines show the electric field inside the holes
7.2 A quadruple GEM photon detector with the photocathode
and the anode strips positioned respectively at the top and
bottom of the device










7.4 GEM device. On the surface it is possible to see the layer of
sputtered gold. The same circuit is present on the back. The
area of the sample is 25x15mm2.
A.1 Energy range for the most typical medical and biological
examinations











4.2 Dry etching parameters
4.3 Fabrication comparison
5.1 3D detectors fabrication steps
6.1 Multi-emitter alpha source
6.2 Multi-emitter X-ray source
6.3 Energy resolution of 3D GaAs detector
7.1 Dry etching parameters for GEM devices














The study of particle detector technology employing semiconductor material
began in the beginning of the twentieth century. Over the years, many
semiconductor materials have been investigated in order to obtain a better detector
performance. The advantage of semiconductors is that the average energy
required to create an electron-hole pair is some 10 times smaller than that required
for gaseous detectors and 100 times smaller than that for scintillation detectors.
Moreover, because of their greater density, semiconductor detectors have a greater
stopping power than gas detectors. They are compact in size and can have a very
fast response time.
It was in 1950 that semiconductor detectors became available for high-resolution
energy measurement and were adopted in nuclear physics research for charged
particle and gamma spectroscopy. In more recent years semiconductor devices
have also gained a good deal of attention in high-energy physics [1] as high
resolution particle tracking detectors. Silicon (Si) and gallium arsenide (GaAs) are
the most studied semiconductor materials in particle detection. They are currently
fabricated in the form of microstrip detectors, pixel detectors or charge coupled
devices (CCD) as explained in detail in Chapter 3.
CHAPTER 1. INTRODUCTION 32
However, silicon and gallium arsenide have a common problem related to the
presence of defects in the lattice structure, when used in the following
applications:
· GaAs in X-ray detection.
GaAs is a desirable material for use in X-ray detection, especially in applications
for medical imaging [2], due to its high atomic number and therefore high
absorption efficiency. However, GaAs detectors suffer from incomplete charge
collection resulting from imperfections in the crystal structure [3]. These reduce
the mean free drift length of the charge carriers and limit the thickness of the
sensitive region. Additionally, problems with the growth of GaAs have led to
relatively high effective carrier concentrations and so increased operating
voltages. This implies thin detection layers and, in some cases, the presence of an
undepleted layer. These result in lower detection efficiency compared to fully
depleted detectors, because only the charge generated by X-rays within the
depletion zone produces a measurable signal in the readout chip. Hence the
detector becomes less efficient for X-ray imaging despite the fact that the material
is strongly absorbing.
· Silicon in high-energy physics.
Silicon detectors are widely used in high-energy experiments such as those at the
Large Hadron Collider (LHC) [4] because of their high efficiency, small thickness
and fast readout. The LHC will bring proton beams into collision at a centre of
mass energy of up to 14TeV. The very high luminosity foreseen (1034cm-2s-1)
implies that silicon detectors have to withstand hadron fluxes of the order of
1013cm-2yr-1.
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Under these conditions, detector performance is limited since a large number of
defects are introduced into the device [5]. The charge carriers created by ionising
radiation are trapped in defects with discrete energy levels in the band-gap of the
silicon substrate, resulting in incomplete charge collection. Moreover irradiation
results in a build-up of negative space charge in depletion regions due to the
introduction of deep levels. To increase the efficiency of charge collection in
irradiated detectors, it is therefore necessary to use very high bias voltage. This
increases the leakage current, degrading significantly the signal-to-noise ratio.
To avoid the limitations of current silicon and gallium arsenide planar detectors in
both X-ray and high energy physics applications, a new detector architecture has
been proposed [6]. These detectors have a three-dimensional (3D) array of
electrodes that penetrate into the detector bulk, as shown in figure 1.1.
The electrodes are cylindrical and disposed in a hexagonal geometry. This results
in a more uniform electric field between the central electrode and the surrounding
ones. The electrodes are biased to create an electrical field that sweeps the charge
Fig. 1.1. 3D detector geometry.
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carriers through the bulk parallel to the wafer surface, as shown in figure 1.2. The
electrons and holes are then collected at oppositely biased electrodes. The aim is
to set the maximum drift, x, and depletion distance, W, by the electrode spacing
rather than by the detector thickness as in the more conventional planar
technology.
The advantage of the 3D structure is that the detector has to be depleted only from
one column electrode to the adjacent opposite polarity column electrode in order
to deplete fully a detector of any thickness. The distance between the two column
electrodes is determined by the desired spatial resolution of the detector. With the
electrode distance set at 25mm the expected threshold voltage to deplete this
distance is below 25V for both GaAs and Si [7]. This is much lower than the
threshold voltage of 200V which is required for standard 200mm thick GaAs and
Si detectors using a conventional pixel structure.
Fig. 1.2. Cross sections of semiconductor detectors made by standard planar technology (right)
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A further property of the 3D structure is that the active volume of the detector can
be increased without increasing the threshold voltage. This is simply done by
increasing the substrate thickness. The limit is only given by the attainable aspect
ratio of the hole drilling process used to fabricate the electrodes. Hence even
materials with low absorption coefficients may become more attractive as X-ray
detectors. This can be interesting for silicon, which is usually used for X-ray
energies below 20-30 keV. For higher X-ray energies the absorption coefficient of
silicon is too low for it to operate efficiently as an X-ray detector. By using the 3D
structure, an X-ray detector with high detection efficiency can be constructed with
silicon even at high energies.
Another very important property of this type of geometry is that the required
lateral depletion is equal to half the pixel pitch for any thickness while in planar
detectors the “lateral depletion” is the same as the detector thickness. This means
that 3D detectors can be tiled for large areas with negligible dead area between
tiles, as the detector cut edge can be very close to the active area. For example, in
planar microstrip technology the field must be kept away from the sensor edges
since they are conducting and would short it out.
The low depletion voltage and short collection distance for ionising particles
make possible with 3D structures an intrinsic resistance to the effect of bulk
silicon damage. This will be fundamental for applications of tracking detectors in
future very high luminosity colliders that will require semiconductor detectors
with substantially improved properties compared to presently available
technology. Keeping the electrode spacing small, the ability of silicon detectors to
operate in the presence of severe bulk radiation damage should be greatly
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increased. The charge carriers generated by ionising radiation can be collected
within a time smaller than the trapping time of the induced defects. With the
electrode spacing [6] set at 25mm, collection distances and collection times are
about one order of magnitude less than those of planar technology, while the
depletion voltage is about two orders of magnitude lower. Decreasing the
depletion voltage is important to improve the signal-to-noise ratio [94] because
the irradiation causes the detectors to operate not fully depleted.
Many applications [8] can benefit from the use of 3D radiation detectors, which
increase X-ray detection efficiency and reduce the collection acquisition time. The
improved image will be first gathered as digital data and then displayable
remotely (as in standard pixel technology [9]), so that it will be easily available
for remote diagnosis. Dose reduction to the patient in medical radiography is one
important example of the significant progress that can be expected from this new
generation of X-ray detectors.
The benefits of improved X-ray detectors will also become apparent in industry
through more efficient and faster means of non-destructive testing/evaluation.
Their operation at room temperature would permit portable, cheap and low
maintenance monitoring station with potential applications including radiation
monitoring [95], nuclear decommissioning [96] and similar work associated with
environmental security, significant advantages over the currently used cryogenic
detector monitors [97]. Applications in research range from more powerful
detector systems for synchrotron radiation sources [10] to DNA sequencing using
radioactive tags [11]. The latter has particular difficulties associated with
measurements taken with currently available detectors.
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Neutron detectors based on 3D detector technology have many potential
applications, including aircraft safety issues which can be addressed by
monitoring hydrogen distribution in the light metals used in the construction of
the aircraft superstructure as well as in neutron radiography and imaging for
security applications.
The aim of the work described in this thesis is to design a three-dimensional
semiconductor detector, simulate its response and fabricate and test prototype
detectors of this type. The work has concentrated on the development of
techniques to create a matrix of uniform diameter holes through the
semiconductor wafer thickness. Electrical contacts in the form of Schottky
contacts or p-n junctions have been created at the sidewall of these holes.
In this chapter, an introduction to the structure of the 3D detector has been
presented together with the main applications of this new technology. The
characteristics of these devices are also described, emphasising the innovative
aspects of the technology.
In chapter 2, the theory of semiconductor materials is briefly described, in order to
understand their influence on detector behaviour. Specific emphasis is placed on
the p-n junction and Schottky contacts.
In chapter 3, a brief description is given of the most important interactions of
particles in a semiconductor material and the resultant physical processes are
reviewed. The current technology for tracking detectors is also described in order
to illustrate the advantages of 3D structures.
In chapter 4, technology developments and fabrication techniques for three-
dimensional detectors are described. The techniques used to create a uniform
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matrix of holes through different semiconductor materials, in particular
inductively coupled plasma etching, laser drilling and light-induced
photochemical etching, are described in detail. A comparison of the results
obtained with the three techniques is used to understand their relative advantages
and disadvantages.
In chapter 5, the methods used for contact formation are described in detail.
Schottky-Schottky contacts and p-n junctions have been created using metal
evaporation, spin on glass and polysilicon deposition techniques.
In chapter 6, the results of electrical and radioactive source measurements are
compared with detector simulations. These results include measurements obtained
with different semiconductor materials, in particular silicon and gallium arsenide.
In chapter 7, the fabrication of a Gas Electron Multipliers (GEM) using silicon
wafers is discussed. This represents yet another possible application of the 3D
technology developed in this project.
Finally, in chapter 8, the conclusions obtained from the results are presented
together with suggestions for future work.
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In order to understand the operation of 3D radiation detectors, a review of the most
important semiconductor properties is presented in this chapter. The concepts of
crystal structure, energy-bands and transport properties are described.
Semiconductor theory is explained with emphasis on a description of the Schottky
barrier diode and p-n junction since 3D detectors in these configurations were
investigated in this project.
The information and the images used to write this chapter has been extracted from
the following books: “Physics of Semiconductor Devices” by Sze [12], “Radiation
Detection and Measurement” by Knoll [13] and “Metal Semiconductor Contacts”
by Rhoderick [14].
2.1 Crystalline structure
 In a semiconductor the atoms are arranged in a three-dimensional periodic
structure and are held together by covalent bonds. The periodic structure is called a
lattice. For a given semiconductor, there is an unit cell which, when repeated
throughout the entire crystal, generates the lattice.
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Figure 2.1 shows the basic crystal unit cell. Figure 2.1.a shows a simple cubic
crystal; one atom occupies each corner of the cubic lattice and it has six equidistant
nearest neighbouring atoms separated by the distance a, called lattice constant.
The body-centred cubic crystal is shown in figure 2.1.b. In this case an atom is
located at the centre of the simple cubic crystal. In this structure each atom has eight
nearest-neighbouring atoms. The last unit cell in this cubic family is obtained when
one atom is positioned at the centre of each of the six faces of the cubic crystal, in
addition to the eight corner atoms. This structure is called face-centred and each
atom has 12 nearest-neighbouring atoms as shown in figure 2.1.c.
The main semiconductor materials used in standard applications have a more
complex structure based on the cubic crystals shown in figure 2.1. Silicon has a
diamond lattice structure that belongs to the cubic-crystal family. Its structure can
Fig.2.1 Cubic-crystal unit cells: (a) simple-cubic; (b) body-centred
cubic; (c) face-centred cubic.
(a) (b) (c)
Fig.2.2. (a) Diamond lattice. (b) Zincblende lattice. a is the lattice constant.
(a) (b)
Chapter 2. SEMICONDUCTOR THEORY 43
be seen as two interpenetrating face-centred cubic crystal sublattices with one
sublattice displaced from the other by one quarter of the distance along a diagonal
of the cube. All atoms are identical in a diamond lattice, and each atom is
surrounded by four equidistant nearest neighbours that are positioned at the corners
of a tetrahedron as shown in figure 2.2.a.
Most of the compound semiconductors, e.g. gallium arsenide and silicon carbide,
have a zincblende lattice structure shown in figure 2.2.b. This structure is identical
to a diamond lattice except that the two face-centred cubic crystal sublattices are
formed by different types of atoms.
Within a crystal lattice it is possible to identify sets of equally spaced parallel
planes. Planes of lattice points play an important role in the property of the
semiconductor materials. The properties of crystalline materials are strongly
influenced by anisotropy due to the directionality of the bonds inside the lattice.
Considering different lattice planes the mechanical and electrical characteristics
are dependent on crystal orientation.
One way of identifying these planes is using the Miller indices. Miller indices
define the crystal planes of semiconductors using the direct basis vector system. To
determine the indices it is necessary to find first the intercepts of the plane with the
Fig. 2.3. Miller indices of some important planes in a cubic crystal.
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three basis axes in terms of the lattice constants. Then the reciprocals of these
numbers are reduced to the smallest three integers having the same ratio.
In figure 2.3 some planes in the cubic crystal are shown. For example, in the first
picture, the plane (100) crosses the x-axis at a and the y and z-axis at infinity. The
reciprocal of these are then 1/a, 0 and 0 which has 1,0,0 as the smallest set of
integers with the same ratio.
Many physical characteristics of semiconductor crystals depend on plane
orientation. For example, silicon has the preferred cleavage orientated along the
(111) planes while gallium arsenide cleaves on (110) planes.
2.2 Energy bands
Quantum mechanics shows that the energy levels of an electron in an isolated atom
can only be discrete. Considering two identical atoms, when they are separated by
a large distance (non-interacting), each of them has its own energy levels. As the
two atoms move closer, each level is split in two because of the interaction of the
atoms [15]. In the case of N atoms forming a crystal, the N similar levels are split
Fig. 2.4. Formation of energy bands.
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into N levels with different energies, all very close, generating an almost
continuous band of energy levels (N is usually of the order of Avogadro number).
The schematic representation in figure 2.4 shows the energy levels for a diamond
lattice as a function of the distance. As the distance between the atoms is reduced,
the formation of bands begins, due to the interaction of the electrons. The atoms in
the lattice feel a repulsive force which opposes the attractive force of the electrons.
The balance of these two forces settles the atoms in an equilibrium position. When
the lattice spacing becomes similar to the equilibrium position the band splits into
two allowed energy states for electrons. Between the two states there is a forbidden
region, called the band gap, where no electron states can exist.
The width of the band gap determines whether a material is an insulator, a
semiconductor or a conductor. As shown in figure 2.5.a the band gap Eg for an
insulator is the widest and the bonds between the atoms are so strong that there are
no electrons in the conduction band, while the valence band is full. Thermal energy
at room temperature can not excite electrons from the valence band to the
conduction band.
In a semiconductor the band gap is less wide and some of the bonds can be broken
by thermal vibrations. When a bond is broken, an electron-hole pair is created.
Fig. 2.5. The band structure of: (a) insulator; (b) semiconductor; (c) conductor.
(a) (b) (c)
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Some of these electrons can jump from the valence band to the conduction band. If
an electric field is applied, the electrons in the conduction band and the holes in the
valence band can gain kinetic energy and a current is generated.
In a conductor material, such as a metal, the conduction band is partially filled with
electrons and overlaps the valence band. This means that there is not a band gap in
a conductor. When the energy of an electron increases, it can move to higher energy
levels in the conduction band whereas if the energy of a hole increases it can move
down in the valence band.
At room temperature the value of the band gap is 1.12eV for silicon and 1.42eV for
gallium arsenide. The variation of the band gap with the temperature, T (in K), can
be expressed as:










TEg  (eV) [2.1]
for silicon and










TEg  (eV) [2.2]
for gallium arsenide.
The temperature coefficient dE/dT is negative for both silicon and gallium arsenide,
so the band gap decreases with increasing temperature.
2.2.1 Effective mass





where p is the particle momentum and m0 is the free-electron mass.
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However, because of the periodic potential of the crystal lattice, the effective mass
of a conduction electron is different from the mass of a free electron.







where p  is the crystal momentum and mn is the electron effective mass. A similar
expression can be written for the holes. Using the concept of effective mass it is
possible to treat electrons and holes as classical charged particles.
Figure 2.6 shows the variation of the crystal momentum along certain important
crystalline plane for both silicon and gallium arsenide. For silicon (fig. 2.6.a), the
maximum of the valence band energy is at 0=p  while the minimum of the
conduction band energy is along the direction (100) at cpp = . This is the main
difference between a free particle and one in a crystal. The momentum of a free
particle is zero when the kinetic energy is zero. On the contrary an electron at the
Fig. 2.6. Energy band structure of: (a) silicon (Si); (b) gallium arsenide (GaAs).
Eg in the picture is the energy band gap.
(a) (b)
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minimum of the conduction band can have a non-zero momentum. For a transition
from the valence band to the conduction band, an electron requires a change in both
its energy and the crystal momentum. These kinds of semiconductors, such as
silicon, are called indirect. From the relationship between the energy, E, and the













which depends on the crystalline orientation.
GaAs is an example of a direct bandgap semiconductor, as shown in figure 2.6.b. A
transition from the valence band to the conduction band does not require a change in
crystal momentum.
2.3 Carrier concentration at thermal equilibrium
If a material is in thermal equilibrium, Fermi-Dirac statistics (F-D) describe the
energy level distribution of the electrons in a crystal. The F-D distribution
represents the probability that an electron occupies an electronic state with energy
E. This probability can be expressed as:




where the parameter EF is the Fermi level, which is defined as the value of the
energy at which the probability of occupation by an electron is exactly one half. In
equation 2.6, T is the absolute temperature in degrees Kelvin and kB is the
Boltzmann constant.
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For an intrinsic semiconductor (a semiconductor with zero impurity concentration)
the conduction band contains many states, but since the occupation probability is
small, just a few of them are filled. On the contrary, the valence band is almost full
because the occupancy probability is close to one. If the number of states in the
conduction band and in the valence band are equal and the number of electrons and
holes in the conduction band and in the valence band respectively are also equal,
then the Fermi level is located in the middle of the band gap. The Fermi level in an
intrinsic material is called the intrinsic Fermi level and is labelled Ei.
It is possible to calculate the carrier density (the number of electrons and holes per
unit volume), ni(E), for both intrinsic and doped semiconductors at room















where NC and NV are the effective density of states, respectively, in the conduction
band and in the valence band. The relationship between the number density of




This equation is valid for both intrinsic and extrinsic semiconductors so long they
are in thermal equilibrium. For an intrinsic material the number of electron per unit
volume in the conduction band is equal to the number of holes per unit volume in
the valence band, that is n=p=ni.
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The value of ni at room temperature is 1.45×1010cm-3 for silicon and 1.79×106cm-3 for
gallium arsenide. The main parameters of an intrinsic semiconductor, shown in
figure 2.7, include the band diagram, the density of states, the Fermi distribution
function and the carrier concentration.
2.4 Doped semiconductors
In an intrinsic semiconductor crystal, the number of holes equals the number of
electrons in the conduction band. This balance can be changed by introducing a
small number of impurity atoms having one more or one less valence electron in
their outer shell. When impurities are added to a semiconductor material, the
semiconductor becomes extrinsic and impurity energy levels are introduced in the
band gap.
Figure 2.8.a shows schematically a silicon atom replaced by a phosphorus atom
with five electrons. The phosphorus atom forms covalent bonds with silicon atoms
while the fifth electron becomes a conduction electron that is “donated” to the
conduction band. This can happen because the impurity level is extremely close to
the conduction band.
Fig.2.7. Intrinsic semiconductor. (a) Schematic band diagram; (b) density of
states; (c) Fermi distribution function; (d) carrier concentration.
(b)(a) (c) (d)
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The silicon becomes n-type because of the addition of the negative charge carrier
and the phosphorus impurity is called a “donor”.
Similarly figure 2.8.b shows that when a tetravalent atom, (in this case boron),
substitutes for a silicon atom, an additional electron is “accepted” to form covalent
bonds and a positively charged hole is created in the valence band. Semiconductors
doped in this way are called p-type and the boron impurity is an “acceptor”.
Great use is made of heavily doped semiconductors particularly as electrical
contacts. The impurity concentration in these materials can be as high as
1020atoms/cm3, so that they are highly conductive.
Regardless of the type of dopant, when in thermal equilibrium the concentration of
electrons and holes obeys the simple law of mass action shown for an intrinsic
semiconductor:
2
inpn =× . [2.9]
Fig. 2.8. Atomic bonds of a semiconductor: (a) n-type doped silicon with donor
(phosphorus); (b) p-type with acceptors (boron).
(b)(a)
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For extrinsic materials the increase of one type of carrier tends to a reduction in the
number of the other through recombination processes; thus the product for the two
types of carrier will remain constant at a given temperature.
Since the semiconductor is neutral, the positive and negative charge densities must
stay equal, so that:
DA NpNn +=+ [2.10]
where ND and NA are the donor and acceptor concentration. In an n-type material,
where NA=0 and n>>p, the electron density is therefore:
DNn » . [2.11]








Fig. 2.9. Schematic band diagram, density of states, Fermi-Dirac
distribution and charge carrier concentration for (a) n-type and (b) p-type
semiconductors at thermal equilibrium.
(a)
(b)
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The main parameters of an extrinsic semiconductor, shown in figure 2.10, include
the band diagram, the density of states, the Fermi distribution function and the
carrier concentration.
This is similar to figure 2.7 for intrinsic semiconductors. The main difference is
that the introduction of impurity atoms creates localised energy levels in the band
gap. Depending on the type of impurity introduced the energy levels can be donors
or acceptors. Donor levels, denoted ED, are located close to the conduction band
and it takes very little energy to excite their electrons into this band. These donor
centres are therefore mostly ionised at room temperature.
The same effect is true for acceptor atoms. If they sit just above the valence band
then they easily accept electrons, becoming ionised and leaving a hole in the
valence band.
If impurities of both n- and p-type are added to a semiconductor material a
cancellation effect occurs. The electrons from donor atoms are captured by holes
from acceptor materials and what counts is the net concentration ½ND-NA½, where
ND and NA are the concentration of donors and acceptors, respectively. If ND>NA
the semiconductor is n-type while it is p-type if NA>ND.
2.5 Carrier transport phenomena
In the previous section only semiconductor materials in their natural equilibrium
state were considered. No external voltage was applied to the material and no
charges were created or destroyed.
If an electric field is applied to a semiconductor material, both the electrons and
holes will undergo a motion through the semiconductor. The motion will be a
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combination of a random thermal velocity and a net drift velocity parallel to the
direction of the applied field.
The thermal motion of an electron can be visualised as a succession of random
scatterings from collisions with lattice atoms, impurity atoms and other scattering
centres. The net displacement due to the thermal motion over a long period of time
is zero if there is no electric field. The average distance between collisions is
called the mean free path, and the average time between collision is called the
mean free time tc. For a typical mean free path length of 10-5cm at room
temperature, tc is about 1ps.
The combination of the thermal displacement and the drift component generates a
motion in the opposite direction to the applied field.
The relationship between the drift velocity and the applied electric field is linear
for low value of the electric field:
Ev nn
rr m-= . [2.13]
Fig. 2.10. Carrier drift velocities as a function of electric
field in silicon and gallium arsenide at room temperature.
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The proportionality factor is called the electron mobility mn while E is the electric
field applied.
Mobility is an important parameter for carrier transport because it describes how
strongly the motion of an electron is influenced by an applied electric field. A
similar expression can be written for holes in the valence band:
Ev pp
rr m= [2.14]
where vp is the hole drift velocity and mp is the hole mobility. The positive sign in
equation 2.14 comes because holes drift in the same direction as the electric field.
At high electric field (E>104V/cm for silicon and E>2·103V/cm for gallium
arsenide) the drift velocity increases more slowly with the field. Eventually, as
shown in figure 2.10, a saturation velocity is reached which becomes independent
of further increases in the electric field.
Typical values of the saturation velocity are of the order of 107cm/s. Semiconductor
detectors are usually operated at electric field values sufficiently high to result in
saturated drift velocity for the charge carriers. This results in a time to collect the
carriers, over a typical dimension of 0.1cm, of under 10ns. Semiconductor
detectors can therefore be among the fastest of all radiation detectors.
Another important component of the current in a semiconductor can exist if there is
a spatial variation of carrier concentration in the material. This component is the
diffusion current and is generated by the fact that the carriers tend to move from a
region of high concentration to a region of low concentration.
When an electric field is applied to a semiconductor material in addition to a
concentration gradient, both diffusion and drift currents flow through the material.
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where E is the electric field inside the material, Dn is called the electron diffusivity





In equations 2.15 and 2.16 the drift component is positive. This is due to the fact
that electrons and holes move in opposite directions (equations 2.13 and 2.14) but
having opposite charge the sign of the induced current is the same.




The three equations 2.15, 2.16 and 2.17 define the current density equations.
However, at sufficiently high electric field, the saturation velocities vs of electrons
and holes should replace, respectively, the terms µnE and mpE.
2.6 Generation and recombination process
The band diagram of a perfect semiconductor crystal consists of a valence band and
a conduction band separated by the band gap as explained in section 2.2. When
impurity atoms or crystal defects [16] perturb the periodicity of the single crystal,
discrete energy levels are introduced into the band gap.
The impurity can be introduced unintentionally during crystal growth or
intentionally as dopant atoms. The impurities may be metals, crystallographic point
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defects such as vacancies and interstitials, or structural defects such as
dislocations. Structural and point defects may arise during growth of the crystal, by
thermal shock or by bombardment with radiation. The latter is the main concern in
detector operation in high-energy experiments such as those at the Large Hadron
Collider (LHC) [17].
The impurities introduced in the semiconductor material generate energy levels
near the middle of the band gap. They are called deep-level impurities as opposed
to acceptor or donor impurities which generate energy levels near the edges of the
forbidden gap as shown in figure 2.9.
These deep-level impurities can act as traps for charge carriers in the sense that if a
hole or an electron is captured, it will remain immobilised for a relatively long
period of time. Then the trapping centre releases the carrier back to the band from
which it came.
For radiation detectors, the existence of trapping levels plays a detrimental role
since, if the trapping time is of the order of the charge collection time, charges will
be lost and incomplete charge collection will occur.
Fig. 2.11. Recombination and trapping processes in the band gap.
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A second effect that can be induced by impurities is recombination. The impurities
in this case may capture an electron from the conduction band and also a hole which
then annihilates with the trapped electron. The impurity state is thus returned to its
original state and is capable of causing another recombination event.
The effect on radiation detectors is to reduce the mean free time of charge carriers.
This time should be longer than the time to collect the charges, otherwise charge
loss will occur.
Both trapping and recombination therefore contribute to the loss of charge carriers
and to reducing the average carrier lifetime in the crystal.
The charge carriers created by ionising radiation are electron-hole pairs. Their
response to an applied electric field generates the electric signal from the detector.
For materials to serve as good radiation detectors, ideally 100% of the carriers
created by the passage of incident radiation should usually be collected. This
condition will hold provided the collection time is shorter than the mean time to
capture a charge carrier.
One solution to avoid the charge loss due to the deep levels is to reduce the
collection time. Collection time is proportional to the collection distance divided






Reduction of the collection time can be done in two ways: increasing the drift
velocity of the carriers or reducing the collection distance. Increasing the drift
velocity has an upper limit due to saturation, as shown in figure 2.10. The reduction
of the collection distance means reducing the distance between the electrodes
where the charge carriers are collected. In standard planar technology this means
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reducing the active volume where the charge carriers are generated. For charged
ionising particles this means a reduction of the amount of charge generated by the
passage of the radiation and a consequent decrease of the signal-to-noise ratio. For
photon interaction this means a reduction of the probability of interaction with the
material and a consequent reduction of the efficiency.
The solution proposed in this work is to create the electrode through the
semiconductor bulk, keeping the active volume the same. In this way it is possible
to reduce the electrode distance and therefore reduce the collection time of the
charge carriers, as shown in figure 1.2 in Chapter 1.
2.7 p-n Semiconductor Junction
The operation of a semiconductor detector depends on the formation of a rectifying
semiconductor junction. In short, a diode has to be created. A simple way to make a
silicon diode is to form a p-n junction by the juxtaposition of p-type and n-type
semiconductors. One method is to diffuse sufficient p-type impurities into a
homogeneous region of n-type material so as to change the diffused region into a p-
type semiconductor.
A junction is formed at the p-n interface. The difference in the concentration of
electrons and holes at the interface induces an initial diffusion of holes towards the
n-region and electrons towards the p region. As a result, the diffusion electrons
recombine with holes in the p-region while the diffusion holes recombine with
electrons on the n-side. Since the p-region is injected with extra electrons it
becomes negative while the n-region becomes positive. The charge density and the
corresponding electrostatic potential profile are shown schematically in figure
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2.12.b and 2.12.c. The space charge distribution causes an electric field across the
p-n junction which results in a potential difference across the junction. This is
known as the built in potential, Vbi. The resulting energy band diagram is shown in
figure 2.12.b. The built-in potential is generally on the order of 1V.
Moving from a neutral region towards the junction, there is a narrow transition
region, shown in figure 2.12.c, in which the space charge of impurity ions is
partially compensated by mobile carriers. Beyond the transition region there is a
zone known as the depletion region or space charge region that is devoid of all
Fig. 2.12. (a) p-n junction with abrupt doping changes at the metallurgical junction; (b) energy
band diagram of an abrupt junction at thermal equilibrium; (c) space charge distribution; (d)
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mobile charge carriers. For a typical p-n junction in silicon and gallium arsenide,
the width of each transition region is small compared to the width of the depletion
region, therefore it is possible to neglect the transition region and represent the
depletion region by a rectangular distribution as shown in figure 2.12.d.
The width of the depletion region depends on the concentration of n and p
impurities. If the charge density distribution, r(x) in the zone is known, the width of








where e is the dielectric constant of the semiconductor. If the charge distribution is
















where N is the doping concentration, with the subscript D for donor and A for
acceptor, and q represents the electronic charge.
It is in the depletion region of a semiconductor detector that the electron-hole pairs
are generated by the ionising radiation, therefore the design and the optimisation of
a semiconductor detector depends crucially on the size and the shape of the
depletion region.
When the impurity concentration on one side of an abrupt junction is much higher
than that of the other side, the junction is called a one-sided abrupt junction. This is
a more common configuration for radiation detectors. Figure 2.13.b shows the
space charge distribution of a one-sided abrupt p+-n junction, where NA>>ND. In
this case, the depletion layer width of the p-side is much smaller than that of the n-
side, and the expression for W can be simplified to:








The same expression can be obtained for an abrupt junction with ND>>NA simply
substituting ND with NA in equation 2.21.




ExE Dm +-= [2.22]
where Em is the maximum electric field which is at x=0. The field decreases to zero
at x=W, therefore :
e
WqN
E Dm = . [2.23]
The expression for the potential distribution can be obtained by integrating
Poisson’s equation 2.19,
Fig. 2.13. (a) One sided abrupt junction (with NA>>ND) in thermal equilibrium; (b) space




















The space charge distribution, the electric field distribution and the potential
distribution of a one-sided abrupt junction are shown in figure 2.13.
Equation 2.21 is valid in the presence of an abrupt junction, where NA>>N D and no
external bias is applied. Applying a negative bias to the p-side enlarges the
depletion region. This reverse voltage will attract the holes in the depleted region
away from the junction and towards the p contact. Similarly the electrons will be
attracted to the contact on the n-type material. In this condition, the width of the
depletion zone can be calculated by replacing Vbi in equation 2.21 with Vbi+VB,










and VB is positive for reverse bias. This equation is valid only for VB<VD, where
the full depletion voltage, VD, is only limited by the width of the material.
Usually semiconductor detectors are operated in reverse biased mode because the
enlargement of the depletion region provides an increase of the sensitive volume.
Only the charge carriers generated in the depletion region can be collected by the
read-out electronics. The charges created outside the depletion region will
recombine with the electrons and holes present in the material and this part of the
signal will be lost.
When a high electric field is applied to a p-n junction in the reverse direction, the
junction breaks down and conducts a very large current. The typical field for
silicon and gallium arsenide is about 105V/cm. When the junction breaks down, the
leakage current will dominate any signal generated by incident radiation. The
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maximum current must then be limited by the external circuit to avoid excessive
junction heating and damage to the detector.
The main mechanism that generates the breakdown is avalanche multiplication. The
avalanche happens when a thermally generated electron gains kinetic energy from
the electric field in the detector. If the field is sufficiently high, the electron can gain
enough kinetic energy that, upon collision with an atom, it can break the lattice
bonds, creating an electron-hole pair. These newly created electron and hole charge
carriers both acquire kinetic energy from the field and create additional electron-
hole pairs. In this way, the process continues and creates an avalanche
multiplication.
2.7.1 Leakage current
Although a reverse biased diode is ideally non-conducting, a small current flows
through the semiconductor junction when a voltage is applied. This current has a
shot noise component and sets a limit on the smallest signal pulse which can be

















where Dp is the hole diffusion coefficient, tp and tn are the effective lifetime
constants of holes and electrons in the depletion zone. The reverse current is the
sum of the diffusion component in the neutral region and the generation current in
the depletion region. The diffusion current is due to the change in concentration of
the charges through the material. The second term in eq. 2.26 comes from the
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emission of charges through the deep levels present within the bandgap. The
process is described by Shockley-Hall-Read (SHR) theory [12] [98]. These deep
levels are discrete energy levels introduced in the band gap of a crystal when
unintentional impurity atoms perturb its periodicity as explained in section 2.6.
2.7.2 Depletion capacitance
Because of its electrical configuration, the depletion region also has a certain
capacitance. For a reverse biased junction the capacitance can be approximated as
that for a parallel-plate capacitor where the spacing between the two plates
represents the depletion layer width.





















By measuring 1/C2 as a function of VB it is possible to produce a straight line for a
one sided abrupt junction. The slope gives the impurity concentration ND of the
substrate and the intercept at 1/C2=0 gives Vbi.
2.7.3 Current-voltage characteristics
When a voltage is applied to a p-n junction, it modifies the balance between the
diffusion current and the drift current of electrons and holes. Under forward bias,
the voltage reduces the electrostatic potential across the depletion region, as shown
in figure 2.14.a. The drift current is reduced in comparison to the diffusion current.
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Enhanced holes diffuse from the p-side to the n-side and electrons diffuse from the
n-side to the p-side. Therefore, electrons are injected into the p-side while holes
are injected into the n-side, i.e. minority carrier injection occurs.
Under reverse bias, the applied voltage increases the electrostatic potential across
the depletion region as shown in figure 2.14.b. This reduces the diffusion current
resulting in a small reverse current as explained in section 2.7.1.













J 00 +º [2.30]
where the subscript n and p to the carrier density denote the semiconductor type and
the subscript 0 specifies the condition of thermal equilibrium. Lp and Ln are,
respectively, the diffusion length of holes in the n-region and the diffusion length of
electrons in the p-region. The ideal characteristic is shown in figure 2.15. In the
Fig. 2.14. Depletion region and energy band diagrams for: (a) forward bias and
(b) reverse bias.
(a) (b)
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forward direction with the positive bias on the p-side, for qTkV B /3³ , the current
increases exponentially. In reverse bias, the current density saturates at –JS.
For silicon and gallium arsenide p+-n junctions, the ideal equation 2.29 gives only
qualitative agreement with the real characteristics. This happens since the
generation and recombination processes of the carriers in the depletion region must
be taken into account. These are the same processes that act on the charged carriers
generated by ionising radiation, as explained in section 2.6.
In reverse bias the carrier concentration falls below the equilibrium concentration.
The dominant processes are those of electron and hole emission through band gap
generation-recombination centres. The capture processes are not important because
their rates are proportional to the concentration of free carriers, which is very small
in the reverse biased depletion region. For a p+-n junction the total reverse current
can be approximated by equation 2.26.
In forward bias, the concentration of both electrons and holes exceed their
equilibrium values. The carriers attempt to return to their equilibrium value by
recombination. Therefore, the dominant processes in the depletion region are the
capture processes. The total current can be approximated by:
Fig. 2.15. Ideal current-voltage characteristic.


































where the factor h is called the ideality factor. When the ideal diffusion current
dominates, h equals 1, if the recombination current dominates, h equals 2. When
the two currents are comparable, h has a value between 1 and 2.
2.8 Metal-semiconductor contacts
A Schottky contact is created at a metal-semiconductor interface. The potential
barrier formed at the interface depends on the work functions of the two materials.
The work function is defined as the energy difference between the vacuum level and
the Fermi level, EF. The workfunction is denoted by qfm for a metal and q(c+Vn)
for a semiconductor, where c, the electron affinity of the semiconductor, is the
difference in energy between the bottom of the conduction band, EC, and the vacuum
level. qVn  is the difference between EC  and the Fermi level.
Fig. 2.16. Energy band diagram of a metal semiconductor contact.
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When the metal and the semiconductor are in contact, a charge will flow from the
semiconductor to the metal. Figure 2.16 shows a metal-semiconductor separated by
distance d. The semiconductor is n-type, so its work function is smaller than the
metal work function. As the distance decreases, an increasing negative charge is
built up at the metal surface. An equal and opposite charge exists in the
semiconductor. When d is comparable with the interatomic distance, the gap
becomes transparent to electrons. The limiting value for the barrier height qfBn is
given by:
( ).cff -= mBn qq [2.33]
The barrier height is then the difference between the metal work function and the
electron affinity of the semiconductor.
The depletion width for a Schottky contact can be calculated by solving Poisson’s













where kB is Boltzmann’s constant and T is the temperature.
Similar results to the one-sided abrupt p+-n junction can be obtained for the



















where Em is the maximum field strength which occurs at x=0.
The value of the depletion capacitance C per unit area is given by:










and by plotting the value of 1/C2 versus VB it is possible to obtain the value of ND if
it is a constant through the depletion region.
2.8.1 Current transport processes
When reverse biased, a metal-semiconductor diode can be operated as a radiation
detector. The leakage current is due to majority carriers, in contrast to the p-n
junction.
The various processes that can transport electrons across the barrier are shown in
figure 2.17.
The three mechanisms (shown in figure 2.17) are:
1) Transport of electrons from the metal over the potential barrier into the
semiconductor. Two processes exist: thermionic emission and diffusion. These
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are the dominant processes for lightly doped material (ND<1017cm-3) operated at
room temperature.
2) Quantum-mechanical tunnelling of electrons through the barrier. For a heavily
doped semiconductor operated at low temperature this is the main process.
3) Charge carrier generation in the space charge region. This process is due to the
presence of generation-recombination centres in the band gap.
For a Schottky diode operating at room temperature the current-voltage relationship
is primarily given by the combination of thermionic emission and diffusion






































exp2**     [2.39]
where A** is the Richardson constant. In n-type silicon, it has the value 110
A/cm2/K2 and for gallium arsenide 8.6 A/cm2/K2. For an ideal Schottky diode, the
reverse current saturates at the value JS.
For a heavily doped semiconductor or for operation at low temperatures, the
tunneling current may become the dominant transport process. The total current
becomes proportional to the quantum transmission coefficient multiplied by the
occupation probability in the semiconductor and the unoccupied probability in the
metal. The current density can then be expressed as:






















The ideality factor is very close to unity at low doping and high temperature.
However, it can depart substantially from unity when the doping is increased or the
temperature is lowered.
The saturation current is constant if the value of the barrier height is independent of
the electric field strength in the barrier. However, as explained in section 2.8.2, fB
is a decreasing function of the maximum field in the barrier, due to the image force.
The reverse current does not saturate at the value JS but increases proportionally to
)exp( Tkq BBfD , where DfB is the lowering of the barrier height due to the
external field as shown in equation 2.44.
Fig.2.18. Energy band diagram for a metal-vacuum system. The metal work
function is qfm and the barrier lowering is Df.
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2.8.2 Schottky effect
The Schottky effect is the image-force-induced lowering of the potential energy for
charge carrier emission when an electric field is applied. This effect can be
explained considering a metal-vacuum system.
When an electron approaches a metal at a distance x, a positive charge is induced
on the metal surface. The force of attraction between the electron and the induced
positive charge is equivalent to the force that would exist between the electron and













where e0 is the permittivity of free space.
When an external field is applied, the total potential energy as a function of the








where the first term comes from integrating equation 2.42 from infinity to x.
The Schottky barrier lowering fD  and the position of the lowering xm are given by













The lowering is due to the combined effect of the field and the image force as
shown in figure 2.18.
These results can be applied to the metal-semiconductor system. However, the field
should be replaced by the maximum field at the interface, and the appropriate
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permittivity, eS should be used (this can be different from the semiconductor static








Figure 2.19 shows the energy diagram incorporating the Schottky effect for a metal
n-type semiconductor under different biasing. For forward bias (V>0) the barrier
height is larger than the barrier height at zero bias. For reverse bias (V<0) the
barrier height is smaller.
2.8.3 Measurement of barrier height
Four methods can be used to measure the barrier height of a metal semiconductor
contact: the current-voltage, activation energy, capacitance-voltage and
photoelectric methods. Only the current-voltage method will be described below
since it was the only technique used in this work.
Fig. 2.19. Energy band diagram showing the Schottky effect for a metal n-type semiconductor
under different bias. The barrier lowerings under forward and reverse bias are DfF and DfR
respectively. The intrinsic barrier height is qf0.
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For a moderately doped semiconductor, the I-V characteristic is given by the
thermionic-emission theory. According to this theory, in the forward direction with





















B ff expexp 02**  [2.46]
where fB0 is the zero field barrier height and Df  is the Schottky barrier lowering.
Since A** and Df are functions of the applied voltage, the forward current-voltage
characteristic (for V>3kBT/q) is approximated by:
( )TnKqV BJ /exp» [2.47]
where n is the ideality factor as in equation 2.41.
A plot of )ln(J  against V in the forward direction should give a straight line except
for the region where V<3kBT/q. The extrapolated value of current density at zero















0 lnf . [2.48]
2.9 Results and discussion
In this section the theories of the Schottky barrier and p-n junction formation and
operation are explained in depth to aid the understanding of the results obtained
from the electrical measurements presented later in this thesis. The characteristics
of both p-n junctions and Schottky contacts have been described since these two are
the most common way to create diode detectors.
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P-n junctions are commonly preferred to Schottky diodes because they have lower
leakage currents. A direct comparison [14] between a Schottky diode made from an
n-type semiconductor with a p-n junction with the same barrier height leads to a
value of the saturation current density that is lower for the latter. The leakage
current density in a Schottky contact exceeds that of a silicon p-n junction by a
factor of 103 and for gallium arsenide by a factor 102.
However, Schottky diodes are largely used for gallium arsenide diodes and for
wide band gap semiconductors such as SiC as Schottky contacts are easier to form
and cheaper, to manufacture than p-n junctions.
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Chapter 3
Particle Interactions and Detector
Technology
This chapter concerns the basic particle interactions which occur when radiation
passes through matter and the effects produced by these processes. The fundamental
mechanisms by which radiation interacts and loses its energy in matter are
explained.
Particular attention is given to the interaction with matter of charged particles such
as electron and alpha particles and to interaction of photons such as X-rays. These
are the main source of radiation used for particle experiment and medical imaging
applications.
The most important configurations for semiconductor detectors are also explained,
with emphasis placed on the description of microstrip detectors, pixel detectors
and Charged Coupled Detectors (CCD’s). These represent the state of the art
technologies for the current applications of semiconductor detectors.
The information used to write this chapter has been extracted from different papers
and the following books: “Techniques for Nuclear and Particle Physics
Experiments” by Leo [18], “Radiation Detection and Measurement” by Knoll [13]
and “Semiconductor Radiation Detectors” by Lutz [19].
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3.1 Charged particle interactions
Heavy charged particles, such as alpha particles, interact with matter primarily
through Coulomb forces between their positive charge and the negative charge of
the orbital electrons within the absorber. Although other types of events such as
nuclear interactions are also possible, they are extremely rare and therefore they
can be ignored in the study of the response of radiation detectors.
When charged particles enter matter, they immediately interact with many electrons.
In each interaction, energy is transferred from the particles to the atoms of the
material causing an ionisation or excitation of the latter. The net effect on the
charged particles is to decrease their velocity continuously until they are stopped.
3.1.1 Stopping Power
The linear stopping power S for charged particles in a given absorber is defined as





This quantity was first calculated for electronic stopping by Bohr, using classical
arguments, and later by Bethe and Bloch using quantum mechanics. The quantum-
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where r is the density of the absorbing material, Z is the atomic number of the
absorber material, A is the atomic weight of the absorbing material, z is the charge
of the incident particle, b is the velocity of the incident particle divided the by
speed of light in vacuum, g is equal to 21/1 b- , Wmax is the maximum energy
transferred in a single collision and I is the mean excitation potential of an electron
in the material.
An example of the energy dependence of dxdE / is shown in figure 3.1, which plots
the Bethe-Bloch formula as a function of kinetic energy for different particles. At
non-relativistic energies, S decreases as the particle velocity increases up to about
v=0.96c, where a minimum is reached. Particles at this point are known as
minimum ionising particles (mip). As the energy increases beyond this point, S
rises again due to the logarithmic dependence of equation 3.2.
3.1.2 Particles range
Since charged particles lose energy in matter in a quasi-continuous manner, the
distance that they penetrate in matter is statistically a defined number. This quantity
is called the mean range of the particle and depends on the type of material, the
Fig.3.1. Specific energy loss of charged particles in matter as
a function of their kinetic energy.
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particle type and its energy. The actual range is a Gaussian random variable due to
multiple scattering effects.
Experimentally, the range can be determined by passing a beam of particles through
different thicknesses of material and measuring the ratio of transmitted to incident
particles. The curve in figure 3.2.a shows this ratio. For small thickness, all the
particles pass through the material. However, as the material thickness is increased
the ratio eventually drops to zero. In figure 3.2.a, Rm is the mean range, defined as
the absorber thickness that reduces the beam intensity to exactly one-half of its
initial value. Another range parameter is the extrapolated range, Re, which is
obtained by extrapolating the linear portion of the end of the transmission curve to
zero.
Figure 3.2.b shows the variation of the stopping power S as a function of the
penetration depth of the particle in matter. This is called the Bragg curve and shows
that as charged particles slow down in matter the rate of energy loss changes. More
energy per unit length is deposited towards the end of the path rather than at the
beginning.
Fig. 3.2. (a) Typical transmission-thickness curve. The mean range (Rm) and the
extrapolated range (Re) are indicated. (b) Bragg curve showing the variation of S as a
function of the penetrating depth.
(a)
(b)
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3.2 Electron interactions
Like heavy charged particles, electrons also suffer energy loss when passing
through matter. However, because of their small mass an additional energy loss
mechanism has to be considered: the emission of electromagnetic radiation arising
from scattering in the electric field of a nucleus. This effect, known as
bremsstrahlung, can be understood classically as radiation arising from an
acceleration of the electron as it is deviated from a straight-line path. The
acceleration of the electron is caused by the electrostatic attraction of the nucleus.























For energies below 10MeV, the bremsstrahlung is relatively small and can be
omitted. However for energies above 10MeV the probability of bremsstrahlung
increases rapidly, resulting in energy loss by radiation becoming dominant over
collision-ionising loss. In figure 3.3 the energy loss by collision is compared to the
Fig. 3.3. Energy loss of an electron in an absorbing material. For comparison
the stopping power of a heavy charged particle (proton) is shown.
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energy loss by radiation for electrons in copper. The energy loss of protons is
shown for comparison.
3.3 Photon interaction
The behaviour of photons (X-rays and g-rays) in matter is very different from that of
charged particles. The most important difference is that photons do not have an
electric charge. This makes impossible the many inelastic collisions with atomic
electrons that are characteristic of charged particles.




These reactions explain the two principal features of the interaction of X-rays and
g-rays with matter: (1) X-rays and g-rays are many times more penetrating in matter
than charged particles; (2) a beam of photons is not degraded in energy as it passes
through matter but it is only attenuated in intensity. The first characteristic is due to
the much smaller cross-section of the three processes when compared with the
inelastic electron collision cross-section. The second characteristic is due to the
fact that the three interaction processes above remove the photon from the beam,
either by absorption (photoelectric effect and pair production) or scattering
(Compton scattering). The photons that pass straight through the material are those
which have not suffered any interaction at all and therefore retain their original
energy. The total number of photons is, however, reduced by the number that have
undergone an interaction. The attenuation suffered by a photon beam passing
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through matter can be expressed by an exponential relationship with respect to the
thickness:
( ) ( )xIxI m-= exp0 [3.4]
where I0 is the incident beam intensity, x is the thickness of the absorber and m is
the absorption coefficient. The absorption coefficient depends on the absorbing
material and is directly related to the total interaction cross section.
3.3.1 Photoelectric effect
In the photoelectric process, an incoming photon undergoes an interaction with an
atomic electron in which the latter absorbs the photon completely and is then
ejected from the atom. The energy of the outgoing electron is then:
BEhvE -= [3.5]
where EB is the binding energy of the electron.
Since a free electron can not absorb a photon and also conserve momentum, the
photoelectric effect always occurs on bound electrons with the nucleus absorbing
the recoil momentum.
Fig. 3.4. Photoelectric cross section in a material.
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Figure 3.4 shows a typical photoelectric cross section as a function of incident
photon energy. In the low energy region, some discontinuities in the curve appear at
photon energies corresponding to the binding energy of electrons in the various
absorbing atoms, known as the L-absorption edge, K-absorption edge, etc.
For photon energies slightly below a particular absorption edge, the photoelectric
effect with an electron in that shell is no longer energetically possible and the
cross-section drops abruptly to rise again at the next energy shell available.
3.3.2 Compton scattering
Compton scattering takes place between an incident photon with energy hv and an
electron in the absorbing material. The incoming photon is deflected through an
angle q with respect to its original direction, as shown in figure 3.5.a. The photon
transfers a portion of its energy to the electron, which is then known as a recoil
electron.











where m0c2 is the rest mass energy of the electron (0.511MeV) and h is Planck’s
constant. Equation 3.6 shows that for small scattering angles, q, very little energy is
transferred. However, some of the original energy is always retained by the
incident photon, even for angles q=p.
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Figure 3.5.b shows the cross section for the Compton scattering process. It can be
shown that this is composed of two quantities: the Compton scattered and the
Compton absorption cross sections. The Compton scattered cross section, ss, is
defined as the average fraction of the total energy contained in the scattered
electron, while the absorption cross section, sa, is the average energy transferred to
the recoil electron. The total Compton scattering cross section is then:
as
c sss += [3.7]
3.3.3 Pair production
The process of pair production involves the transformation of a photon into an
electron-positron pair. In order to conserve the momentum, this can only occur in
the presence of a third body such as a nucleus. To create the pair, the incoming
photon must have an energy of at least 2m0c2 (1.022MeV). The positron produced in
the pair subsequently annihilates after slowing down in the absorbing medium, two
annihilation photons are then generated as secondary products of the interaction.
Figure 3.6 shows the pair production cross-section versus photon energy.
Fig. 3.5. (a) Kinematics of Compton scattering. The energy transferred is T=h(v-v’);
(b) total Compton scattering cross section.
(a) (b)
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The relative importance of the three processes, photoelectric absorption, Compton
scattering and pair production, is illustrated in figure 3.7 for different absorber
materials and photon energy. The plot shows the different regions where the three
processes are predominant. The two lines in the plot show the value of the atomic
number, Z, and hv for which the two neighbouring effects have equal probability.
This thesis will concentrate on the interaction of photons whose energy is in the
range 10 to 100keV, in which the photoelectric effect is the dominant mechanism.
For energies below 100keV direct detection of single photons is possible if the
detection medium has a good absorption efficiency. This is enhanced for absorber
materials of high atomic number Z.
Fig. 3.6. Pair production cross section vs. photon energy.
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For a 300mm thick silicon detector the absorption efficiency drops off to 50% at
15keV and is at the few percent level at 60keV. For X-ray detection over this range
of energies it is desirable either to move to thick layers of silicon or to move to a
material with higher absorption coefficient. Gallium arsenide and CdZnTe are two
such materials. Figure 3.8 shows their absorption efficiency. The thicknesses of the
three materials have been selected since they are the common thicknesses for those
materials when used as radiation detectors.
Fig. 3.7. The relative importance of the photon interaction processes. t, s, k are
respectively the photoelectric, Compton and pair production probabilities per unit path
length in the absorber.
Fig. 3.8. X-ray absorption efficiency of Si, GaAs and CdZnTe for common detector
thicknesses.
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Details of the calculation used to derive figure 3.8 can be found in [20].
3.4 Signal formation
The basic operating principle of semiconductor detectors is that any ionising
radiation traversing the detector creates electron-hole pairs in proportion to the
energy deposited in the material. The free charges then drift through the device
under the influence of an applied electric field. The drift induces a charge on the
electrodes that is proportional to the distance travelled. The electric pulse on the
electrodes arises from the induction caused by the movement of the charges, rather
than from the actual collection of them.
Assuming two parallel electrodes, the change in induced charge dQ due to a charge




where d is the distance between the electrodes. Although equation 3.8 is derived
for the case of empty space between the electrodes, it can be shown that this is also
valid [18] in the presence of a space charge.
Assuming now that an electron-hole pair is created at a point x in the depletion
region of a semiconductor junction, the electron will begin to drift toward the
positively biased electrode and the hole will drift to the negative electrode. From








Chapter 3. PARTICLE INTERACTIONS AND DETECTOR TECHNOLOGY 89
where q0=n0e and n0 are the number of electron-hole pairs and e the electronic
charge.
The development of the signal pulse can thus be represented by the growth of a
time-dependent induced charge Q(t). There are two separate components of induced
charge, one corresponding to the motion of the electrons and the other to the motion
of the holes. From equation 3.9 it is possible to write this combination as:




This induced charge starts at zero, when the electrons and holes are first formed by
the ionising radiation, and then reaches its maximum of q0 when both charges have














where v is the drift velocity of electrons and holes as explained in section 2.5. This
expression is valid only when both charges are still drifting. When the electrons or
the holes are collected, its respective term becomes constant, equal to x0/d if



















Fig. 3.9. Charge induced by a particle interacting within a detector at the point
x0.
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After both electrons and holes have been collected, the value of the induced charge
is:
0)( qtQ = [3.12]
Figure 3.9 shows the pulse shape generated by the interaction of a particle at a
point x0 within a p-n junction.
3.4.1 Coaxial geometry
In this work, the geometry adopted to fabricate radiation detectors is different from
the standard parallel plate assumption used above to derive the equation for a
standard planar detector. It is useful therefore discuss the equations for the induced
charge in a coaxial geometry. The coaxial detector is the simplest approximation to
the hexagonal geometry used to fabricate the 3D detectors in this work.
The pulse shape generated by the collection of the charges in a coaxial detector
shares many of the general features derived for the planar type, but the linear
Fig. 3.10. Output pulse for three different interaction points (indicated
0, 1 and 2) for a coaxial detector. The units in the plot are arbitrary.
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portions of the pulse leading edge take on a curvature because of the different
geometry.
Assuming that the drift velocity is constant through the detector, the radial position
of each carrier species is:
tvrtr ee += 0)( tvrtr hh -= 0)( [3.13]
































Equation 3.14 holds only when both charges are still drifting. When the electrons or
holes are collected, the first and the second terms in the square brackets become
constants (respectively ln(r2/r0) and ln(r1/r0)). A slope change in the signal
waveform then occurs at the corresponding time. After both charges are collected
Q(t)=q0. A plot of the pulse shape for various interaction radii is given in figure
3.10.
For interaction at point 0, electrons are collected very quickly and most of the rise
time corresponds to the drift of holes to the p+ layer. The opposite is true for point 2
where the rise time is mostly due to the drift of electrons to the n+ layer. As the drift
velocity of electrons is higher than holes (figure 2.10) the collection time is shorter,
compared to point 0. The shortest collection time is achieved for point 1 since both
electrons and holes drift the shortest distance to the n+ and p+ layers respectively.
3.5 Detector technology
The detection of charged particles and electromagnetic radiation is made possible
by their interaction with matter. Charged particles and electromagnetic radiation
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are capable of ionising atoms along their path through the material or in the vicinity
of the interaction point, thus producing free electric charge carriers that may be
collected and measured directly through the read-out electronics.
The development of position-sensitive semiconductor detectors was initiated by
experimental particle physicists [99] (tried unsuccessfully first at SLAC [22] and
then successfully at DELPHI [23]), who needed detectors capable of measuring
particle trajectory with an accuracy of a few tens of microns and, at the same time,
of operating at interaction rates of up to 108Hz.
The development of detectors with these properties was made possible by the
adaptation of technologies used in Very Large Scale Integration (VLSI)
microelectronics for the fabrication of silicon devices.
The introduction of silicon strip detectors, produced with planar technology,
marked the start of a revolution in experimental techniques of particle physics that
included the development of low-noise, low-power analog microelectronics for the
readout of semiconductor detectors.
In recent years, a very large variety of detectors based on VLSI technology have
been developed for application in high-energy physics. However, three main types
of detector structures based on semiconductor technology have been used for high
energy physics and imaging applications:
· Microstrip detector
· Pixel detector
· Charge Coupled Devices (CCD)
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3.5.1 Microstrip detector
A position sensitive microstrip detector [24] is formed by dividing the contact on
the semiconductor into thin, parallel strips. When signals from each of these strips
are read out, the position of the incident particle can be measured.
Figure 3.11 is a representation of a silicon microstrip detector in cross-section. The
depletion layer is produced through the reverse biased p+-n junction. The p+ implant
is segmented to produce the microstrip pattern, while an n+ layer is grown on the
opposite side of the silicon to prevent the depletion layer reaching the back surface.
The n+ side can be patterned with the strips running in the orthogonal direction to
those on the p+ side, to produce a double-sided device. In this case, the orientation
of the strips on the two sides is at an orthogonal angle, to provide 2D information.
Aluminium is evaporated onto the implants, and the strips are wire-bonded to
external electronics. The silicon oxide layer is present to protect the surface of the
detector.
One problem with this kind of detector is related to the coupling between the strips
used to bias the junction and the read-out electronics. Decoupling capacitors are
normally integrated all over the strips for this purpose while the bias voltage is
applied through integrated polysilicon resistors.
Silicon microstrip detectors have already been used successfully in large scale
experiments [25-26-100-101-102-103] and will again be used for next generation
high energy physics colliders [24]. Gallium arsenide microstrip detectors have also
been considered for application in high-energy experiments but have been rejected
due to low radiation hardness of gallium arsenide found in pion irradiation
experiments [27].
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Silicon microstrip detectors for medical imaging applications have been used in
single and double-sided configurations. The low absorption of 300mm thick silicon
detectors for radiological X-rays restricts the applications of these devices to low
energy photons or beta particles such as used for biochemical tracing [28].
Other problems common to both silicon and gallium arsenide microstrip detectors
include ambiguities in reconstruction of the particle interaction point at large
radiation fluxes [29], together with the high capacitance which causes a
deterioration in the signal-to-noise ratio [30]. These considerations are critical
points in the application of microstrip detectors in imaging for medicine. However,
their application in particle tracking is essential, and most of the high-energy
experiments use silicon microstrip detectors in their inner detector part [24].
3.5.2 Pixel detector
Standard pixel detectors consist of two-dimensional diode arrays and electronics
which are usually built on a separate substrate. The pixels are created by dividing
Fig. 3.11. Cross-section of a microstrip detector.
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the front surface into an array of electrodes with a common back contact. For each
pixel, an electronic channel provides amplification and some other functions such
as data storage and sparse readout.
The geometry provided for the electronic channels matches the pixel layout on the
surface, so that electronics and detector can be assembled face to face after having
one of the devices “flipped” to the other surface. Each diode is connected to the
electronics input pad by a conducting “bump”, as shown in figure 3.12. This bump
can be made of indium or gold while new techniques include the use of solder and
glue. This technology is in a state of rapid development and has already reached
high a level of reliability.
Silicon is commonly used to fabricate pixel detectors in high-energy applications,
but other materials with higher atomic number (such as GaAs and CdTe) can be
selected for detection of high energy X-rays [31-32].
Since each pixel element has its own dedicated front-end readout electronics, these
detectors are ideally suited to operate in a high rate environment. This explains why
this type of detector has found wide application in high rate imaging sensors for
Fig. 3.12. Cross section of a pixel detector, showing the attachment of the detector
(top) and readout electronics (bottom) using bump bonding.
Chapter 3. PARTICLE INTERACTIONS AND DETECTOR TECHNOLOGY 96
biological and medical applications. The Medipix [9][33] collaboration is one of
the leading projects to optimise the characteristics of pixel detectors for application
in high-energy experiments and imaging for medicine.
The main limitations of this type of technology are the high cost of fabrication and
the difficulty in reducing the pixel size. The latter is the main concern to improve
spatial resolution since reducing the diameter of the pixel increases the amount of
charge shared between neighbouring pixels. This induces an uncertainty of the
energy of the ionising radiation and an uncertainty in the determination of which
pixel was hit.
Pixel detectors have many points in common with the 3D technology described in
this project. For example, the readout electronics developed for pixel detectors
might be adapted to the hexagonal geometry of 3D detectors and bump-bonding
techniques could be used to connect the 3D diodes to the readout electronics.
3.5.3 Charge-Coupled Devices (CCD)
Charge Coupled Devices (CCD) have been widely used as optical sensors and
notably as imaging devices in video cameras. They have also been used as particle
detectors in elementary particle physics [34-35].
An imaging CCD consists of a pixellated silicon detector, comprising a square
matrix of potential wells, so that charge generated below the silicon surface can be
accumulated. In a second stage, the stored charge can be transferred in parallel
from one row to the next by manipulating clock voltages in a parallel register.
When the charges reach the last row, the stored signals are then transferred
sequentially to the output node, which is connected to the input of a charge sensitive
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preamplifier. A reset signal is used to restore the output node to its nominal value
after reading the signal from each pixel. In this way, the CCD image is converted
from a 2D charge pattern to a serial train of pulses that can be displayed on a video
monitor.
Figure 3.13.a shows the cross section of a CCD detector. As in microstrip devices,
the surface is divided into strips of metal electrodes. The bulk is connected by a
backside ohmic contact. A diode strip (n+ or p+ substrate) is added to be used for
collection of the carriers.
Every third metal electrode is kept at the same potential and the bulk maintained
with a negative voltage, so that the device is operated in overdepleted mode.
Putting different potentials on the electrodes creates local energy minima for
electrons at the Si-SiO2 interface, just below the electrodes with the highest applied
voltage. Electrons produced by ionising radiation in the space-charge region will
move towards the oxide and assemble below these electrodes. The charge thus
accumulated can be moved to the readout electronics by a periodic change of the
voltages f1, f2, and f3.
Putting many of these linear structures next to each other, and using common gates, a
matrix CCD is created as shown in figure 3.13.b. Usually this matrix is combined
with a linear CCD, perpendicular to it. In this way, the signal charge is transferred
line by line into the linear CCD from where it can be shifted cell by cell into a
single output electrode.
The fabrication of modern CCD’s is based on the buried-channel architecture [36],
in which the charges are stored in the bulk of the detector about 1mm below the
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surface. This configuration improves the transfer efficiency and the collection of the
charges.
In high-energy physics, p-n CCDs are fabricated using 200mm thick high resistivity
silicon, while in X-rays detection a layer of phosphorus is grown on top of the
sensitive input window. The layer of phosphorus converts the radiation into light
which is then converted into an electric signal. In this way the efficiency of X-ray
detection is increased.
Examples of applications of CCD can be found in many fields such as
mammography [37], biology [38], dental radiography [39], radiation
crystallography [40] and astronomy [41].
The main disadvantage of CCD is the slow readout speed in high rate applications,
due to the clocking of the gate electrode. Another disadvantage is the low
temperature operation required for good signal-noise performance, a limitation for
high sensitivity applications.
(a) (b)
Fig.3.13. (a) Cross section of a CCD showing the three clock voltages (f1 ,f2,
f3); (b) matrix of CCD.
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3.6 Results and discussion
In this chapter the main interactions of both charged particles and X-rays have been
described in detail. Particular regard has been given to the processes that concern
the interactions in a detector material.
Silicon detectors with a thickness greater than 300mm should be used for the
detection of low energy X-rays (below 20keV) while, for energies in the range 20-
100keV, GaAs of 200mm thickness has better performance. For energies above
100keV new semiconductor materials, such as CdTe and CdZnTe must be used.
Details of the state-of-the-art semiconductor detectors presently used in high-energy
physics and medical imaging application have been presented together with their
advantages and disadvantages.




In this chapter the technology development and fabrication techniques for 3D
detectors are described. The techniques used to create a uniform matrix of holes
through different semiconductor materials are described in detail, in particular
inductively coupled plasma etching, laser drilling and light-enhanced
photochemical etching. A comparison of the results obtained with the three
techniques is used to understand their relative advantages and disadvantages.
The information used to write this chapter has been extracted from different papers
and the following books: “Semiconductor Device, Physics and Technology” by Sze
[42], “VLSI Technology” by Sze [43] and “Semiconductor Radiation Detectors” by
Lutz [19].
4.1 Wafer Characteristics
The three semiconductor materials used in this project are: silicon, gallium
arsenide and silicon carbide. They were chosen because of their particular
characteristics.
A brief description of the wafer characteristics is given below together with the
relative advantages and disadvantages of the three semiconductor materials.
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4.1.1 Silicon
Silicon (Si) is the most widely used semiconductor material and it offers the
following advantages compared to other semiconductors:
· The fabrication processes are more commonly available and at lower cost.
· The material properties are well understood.
· It is possible to obtain very high purity material.
The main disadvantage is its low atomic number, which is not an issue for high-
energy physics applications but limits its utilisation in X-ray applications.
Two different types of silicon wafers were used to fabricate the 3D detectors:
a) standard high purity 3” silicon wafers with  lattice orientation (110), thickness
385mm and resistivity >100Wcm, supplied by Siltronix [44];
b) 3” n-doped silicon wafers with lattice orientation (100) and resistivity
>2.5kWcm, supplied by Si-Mat [45].
The latter was necessary for the development of the photochemical etching
technique as explained in section 4.6.
4.1.2 Gallium Arsenide
Due to its high atomic number, Z=32 and 34, gallium arsenide (GaAs) is well
suited to X-ray applications. In addition the electron mobility and band gap are
higher than those for silicon. The major disadvantages of GaAs are imperfections in
the lattice structure, which reduce the lifetime of the charge carriers, and its
fabrication cost, which is about one order of magnitude higher than silicon.
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The material used to fabricate 3D detectors was 2” undoped GaAs wafers with
lattice orientation (100) and resistivity >10MWcm, supplied by Wafer Technology
[46].
4.1.3 Silicon Carbide
Silicon carbide (SiC) is a wide band gap semiconductor material. The big interest
areas in using SiC are in taking over Si where the natural limits of the material have
prevented it from being used. Examples are: hostile environments such as sensors
inside furnaces, outer space, nuclear power stations and application in high-energy
physics. Three main limitations of this material are the poor Schottky contacts that
can be achieved on its surface, the poor quality of the SiO2 that grows on it and the
cost of SiC, that is one or two orders of magnitude higher than both Si and GaAs.
The silicon carbide used in this project was a 4H semi-insulating polytype, 300mm
thick (cut in 1cm2 pieces), supplied by CREE Inc. [47].
All wafers of each material were supplied polished on both sides. To fabricate the
3D detector, a wafer with a thickness between 200 and 300mm is desirable. These
thicknesses provide sufficient mechanical strength and, in addition, should provide
an adequate number of electron-hole pairs from a traversing ionising particle. When
necessary, the wafers were thinned and polished using a Logitech PM4 mechanical
lapping machine in the Physics Department. A 400nm layer of silicon dioxide
(SiO2) was deposited by PECVD (section 4.2) on both sides of the wafer to protect
these surfaces from the etching of the holes and to provide an insulator layer on the
surface.
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4.2 Oxide deposition
In almost all detectors a large fraction of the outer surface is covered with silicon
dioxide, SiO2. This provides a good passivation of the semiconductor surface and
electrical isolation between devices. Two methods are commonly used to oxidise
semiconductors: thermal oxidation and Plasma-Enhanced Chemical Vapour
Deposition (PECVD).
Thermal oxidation is performed by heating silicon in dry oxygen at roughly 10000C
or in wet (H2O) atmosphere. The following chemical reactions describe the thermal
oxidation of silicon in oxygen and water vapour:
solid)( SiO(gas) Osolid)(Si 22 =+
(gas) 2Hsolid)( SiO(gas) O2Hsolid)(Si 222 +=+ .
The silicon-silicon dioxide interface moves into the silicon during the oxidation
process. The oxidation process slows down with increasing thickness of the oxide
layer and is strongly temperature dependent. Wet oxide grows much faster and at
lower temperature than dry oxide.
Due to the high temperature of this process, the impurities and the crystal defects
become mobile. Great care has to be taken in order to prevent the introduction of
impurities that may degrade the properties of the semiconductor. A surface cleaning
procedure must therefore precede the oxidation process.
The PECVD system [43] uses a radio frequency (RF) glow discharge to transfer
energy into the reactant gases, allowing the substrate to remain at a lower
temperature than in other processes. This system provides a processing temperature
of 3000C and a deposition rate of 65nm/min. The PECVD method was used to
deposit the oxide layer (about 400nm) on all the wafers used to fabricate 3D
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detectors because it is faster and allows a precise control of the layer thickness
deposited.
4.3 Photolithography
To create a 3D detector, an array of holes must be formed through the substrate. The
first step is to transfer the pattern to the wafer using photolithography to define the
hole geometry. Photolithography is the process of transferring geometric shapes on
a mask to a resist layer coating the surface of a substrate. The patterned resist can
be used subsequently to transfer a pattern into the substrate by etching.
The steps involved in this process are wafer cleaning, photoresist application and
baking, mask alignment, exposure and development. A schematic of the process is
shown in figure 4.1. Table 4.1 summarises the main steps of the photolithography
process.
All the photolithography steps require the use of a clean processing room. This
need arises because dust particles in the air can settle on semiconductor wafers and
lithographic masks and can cause defects in the devices that result in circuit failure.
The clean room used in this project is class 10000 and furnished with cabinets
which are classified at class 100. For class 100 there are 100 particles (with
particles diameters of 0.5mm or larger) per cubic foot. This corresponds to 3500
particles per cubic meter. Similarly for a class 10000 the dust count is 10000
particles (with particles diameters of 0.5mm or larger) per cubic foot. This
corresponds to 350000 particles per cubic meter. The total number of dust particles
per unit volume is tightly controlled along with the temperature and humidity.
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For the wafer cleaning, the substrate is washed with acetone to remove all human
grease and any other impurity from the surface. To help the cleaning, the substrate is
placed in an ultrasonic bath for 5 minutes. After that, it is washed with Reverse
Osmosis (RO) water and placed again in the ultrasonic bath for 5 minutes.
The next step is to spin photoresist on the top of the surface to be etched.
Photoresist is a light sensitive polymer which is available in two types: positive
and negative.
Fig. 4.1. Photolithography steps to fabricate 3D detectors. The photoresist layer,
the oxide layer and the substrate are not in scale.
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a) Positive: exposure to light breaks the polymer bonds so that the exposed resist
is easily removed in a solvent.
b) Negative: exposure to light cause cross-linking of the polymer bonds making the
exposed areas harder to remove in solvent.
The photoresist used, AZ4562 [48], is a positive type. Positive photoresists are
composed of three components: a photosensitive compound, a base resin and an
organic solvent.
To cover the surface of the wafer with photoresist, a small amount of it is dropped
on the sample and the sample is spun at 1500 rpm, resulting in a layer about 10mm
thick on the substrate. The sample is then baked at 900C, to evaporate the solvent in
the photoresist and improve resist adhesion to the wafer. The resultant polymer
layer has three functions:
a) Transfer a geometric shape from a mask onto the semiconductor surface.
b) Protect the wafer surface from any etch used to create the holes.
c) Protect the wafer surface from any metallisation process used to create
electrodes within the holes.
After drying, the photoresist is illuminated through the mask. The mask can be either
pressed against the wafer (contact illumination) or held at a close (10-20mm)
distance (proximity illumination). Contact illumination allows high resolution and
small feature size. However, its disadvantage is the likelihood of defect
introduction by particles or resin getting stuck to the mask, thus producing faults in
subsequent illumination. The mask must be cleaned every time it is used.
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Proximity illumination also has the disadvantage that it requires a very expensive
projection illumination system, in which an optical system transfers the pattern from
the mask onto the wafer.
In this project the contact illumination method was always used since it was readily
available.
After illuminating with a high intensity ultraviolet light, the photoresist is
developed for 4 minutes in a 1:4 ratio of Shipley AZ400K developer to RO water.
Prior to the exposure to UV light, the photoresist is insoluble in the developer
solution. After exposure, the photosensitive compound absorbs radiation in the
exposed pattern areas, which changes its chemical structure, and it becomes soluble
in the developer solution. After developing, the sample is left for 2 minutes in a
hydrofluoric acid bath (1:4 ratio to water) in order to remove the SiO2 from the
surface of the holes (etching rate about 200nm per minute). At this stage, the sample
is ready for the creation of the holes.
1 Rinse wafer in acetone for 5 minutes using ultrasound bath.
2 Rinse wafer with RO water for 5 minutes in ultrasound bath. Dry with nitrogen
gas.
3 Place wafer on hot plate at 900C for 5 minutes to dry further.
4 Spin wafer at 1500 rpm for 30 seconds with primer.
5 Coat wafer with photoresist AZ 4562 and wait for 3/5 minutes to settle before
spinning. Then spin wafer at 1500 rpm for 30 seconds.
Leave wafer to stand for 5 minutes.
6 Bake the wafer for 30 minutes at 900C.
7 Expose the wafer with UV on pattern mask for 60 seconds.
8 Develop the resist with 1:4 AZ 400K developer to RO water for approximately
4 minutes. Rinse in RO water, dry with nitrogen gas and inspect by microscope.
9 Etch off the SiO2 layer using a 1:4 HF to RO water solution for 2 minutes.
Photolithography process
Tab. 4.1
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4.4 Plasma Etching
The first technique used was to create holes in silicon substrate using Inductively
Coupled Plasma (ICP) etching at the Dry Etching Facility [49], located in the
Engineering Department at Glasgow University. The dry etching process follows
the patterning of the wafer surface by photolithography. ICP offers a means of
transferring patterns with high fidelity onto the surface of a substrate or into the
substrate itself. Dry etching is commonly preferred to wet chemical etching because
of its high anisotropy, greater control and uniformity, the availability of selective
etches and ready automation.
A plasma is a fully or partially ionised gas composed of ions and electrons. It is
produced when an electric field of sufficient magnitude is applied to a gas, causing
the gas to break down and become ionised. The plasma is initiated by free electrons
that are released by some means such as field emission from a negatively biased
electrode. The free electrons gain kinetic energy from the electric field. During
their travel through the gas, the electrons collide with the gas molecules and lose
Fig.4.2. Schematic diagram of an STS inductively coupled plasma system used for ASETM.
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their energy. The energy transferred in the collisions causes the gas molecules to be
ionised. The free electrons resulting from molecular ionisation gain kinetic energy
from the field, and the process continues. Therefore, when the applied voltage is
larger than the breakdown potential, a sustained plasma is formed throughout the
reaction chamber.
The electron concentrations in the plasma for dry etching are relatively low,
typically on the order of 109 to 1012cm-3. At standard pressure, the concentration of
gas molecules is in the order of 104 to 107 times higher than the electron
concentrations. The average temperature of the gas is in the range 50 to 1000C,
therefore dry etching is a low temperature process.
The machine used to create a uniform array of holes for 3D detectors has been
developed by Surface Technology Systems (STS) [50-51-52-53]. The machine is
an ICP-ASETM (Advanced Silicon Etch) tool based on a fluorine chemistry process
which alternates etch and passivation steps. The system operates at a radio
frequency (RF) of 13.56 MHz (excitation and bias frequency). A schematic is
shown in figure 4.2.
The ICP etch machine offers several advantages compared to other plasma sources,
such as electron cyclotron resonance [43] and reactive ion etching (RIE) [43].
The most important advantage of the ICP machine is the presence of a solenoidal
magnetic field that improves the confinement of the plasma and reduces the losses.
Also, as the coil and plate power can be varied independently, the density of
etchant species can be increased without increasing the RF power to the substrate,
as the latter contributes to mask erosion and surface damage due to ion
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bombardment. The net result is that ICP etching can generate higher plasma
densities than conventional plasma tools.
In conventional plasma tools, it is not possible to achieve high plasma densities at
low pressure, however, ICP tools are able to produce high plasma densities at
pressure less than 10mTorr, which helps to reduce ion scattering and therefore
improves the control of etch profiles.
The gas flow rate inside the plasma chamber is controlled by mass flow
controllers. Temperature stabilisation of the substrate is achieved by back cooling
with helium gas. This is necessary because of the transfer of heat from the plasma to
the substrate. The chamber is pumped to low pressure (typically 10-6Torr) by a
turbo molecular pump.
The ASETM process consists of a sequence of alternating etch and passivation
cycles, shown in figure 4.3. The etch and passivation gases are SF6 and C4F8,
respectively. The inductively coupled plasma forms fluorine ions from SF6 and
drives them straight down onto the wafer [54-55], eventually forming the gas SiF4 in
unmasked parts of the wafer.
Fig. 4.3. Schematic of the ASE mechanism, showing alternating passivation and etch
cycles. During the passivating cycle (a), fluorocarbon polymer covers all surfaces. During
the initial part of the etch cycle (b), the polymer is removed from the base of the trench
with the action of ion energy. During the rest of the etch cycle (c), the exposed silicon is
etched isotropically.
(a) (b) (c)
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Fluorine that does not react on the bottom of the hole could etch away the sides of
the hole. To minimise this effect, after several seconds the plasma etching is
stopped, the SF6 is pumped out, and replaced by C4F8. In a plasma, single bonds are
easily broken to yield CF2, which forms a TeflonÒ-like coating on all surfaces
including the insides of the holes. Several seconds later, the C4F8 is pumped out and
replaced with SF6.
The modest accelerating voltage between the plasma and wafer allows the fluorine
ions to etch rapidly the coating on the bottom of the hole, while the sidewall
protection lasts though another etching cycle. As the vertical etch rate is much faster
than the lateral etch rate, highly anisotropic profiles can be achieved. Moreover, as
the selectivity of the photoresist (defined as the ratio of the etch rates for
photoresist and silicon) is in the range 50 to 100:1 and the selectivity of silicon
dioxide is in the range 120 to 200:1, high aspect ratio holes in the substrate can be
achieved without damaging the surface, since the photoresist mask can stand long
exposure times to plasma etching.
To fabricate high aspect ratio holes in silicon many different parameters can be
varied in the dry etching process, the most important of which include:
1. The gas flow rate, which is essential to keep a fresh supply of etchants in the
reaction chamber and also to remove waste products.
2. The pressure of the chamber, which controls how much gas is present in the
chamber at any time and affects the plasma density.
3.  The RF power, which determines the energy of the ions when they hit the
substrate.
Table 4.2 shows the parameters used to etch the holes in figure 4.4.
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Etch time 13s SF6 (SCCM) 130
Passivation time 7s C4F8 (SCCM) 85
APC 740q Plate generator 12W
Chamber pressure 10-6Torr Coil generator 600W
The etch and the passivation times control the duration of the ASE cycle and thus
the anisotropy of the holes. The Automatic Pressure Control (APC) valve controls
the relative gas flow rates of SF6 and C4F8. With the APC set at 740 the etch
pressure is in the range 32-34mTorr while the passivation pressure is in the range
24-26mTorr. The chamber pressure is the pressure obtained before the pumping of
the gases. The flow rate of the gases SF6 and C4F8 (in SCCM-Standard Cubic cm
per Minute) alternately pumped into the chamber are 130 SCCM and 85 SCCM
Fig. 4.4. Holes etched using the parameters in table 4.2. On the left, the cross-section of
a 10mm hole is shown; on the right, the figure shows a detail of the bottom.
Table 4.2.
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respectively. The power of the coils generates the plasma and controls its density
while the plate generator sets the energy of the plasma ions that etch the substrate.
The quality of the holes obtained using the parameters in table 4.2 is relatively
good. The surface and the sidewall do not show any mechanical damage. The holes
have a diameter of around 10mm and have been etched for 100 minutes. The depth
obtained is 130mm with an etch rate of 1.3mm/minute and aspect ratio (depth to
diameter ratio) up to 13:1. The only problem found using this recipe is that the
diameter of the bottom part of the hole is smaller that it is on the entrance hole.
Detailed Scanning Electron Microscope (SEM) investigation showed the diameter
of the hole entrance to be 11mm tapering to 8mm at the bottom.
To overcome this issue, a number of the parameters of table 4.2 were modified to
improve the etching profile. The power of the plate generator was increased to
15W while the passivation time was increased to 7.5s. The reason is that the
increase of the power helps the ions to reach the bottom of the holes and thus
favours etching. The longer passivation time is necessary to avoid etching of the
sidewall in the early stage of the process due to the increased power.
The holes obtained with the modified parameters are shown in figure 4.5. Holes
with design diameters of 10, 20 and 30mm and a depth of about 100, 180 and
200mm, respectively, were all etched for 100 minutes with etch rates of 1mm/min,
1.8mm/min and 2mm/min, respectively. The etch rate increases for larger diameters
because of the better exchange of the etching and passivation gases within the
trenches. All the holes have an excellent profile and no tapering. The sidewalls do
not have any mechanical damage on the surface and they seem smooth and uniform
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all through the thickness. The surface of the wafer has not been mechanically
damaged by the etching and the shape of the holes is perfectly circular.
The quality of the holes obtained with the parameters listed above was found to be
satisfactory for the fabrication of 3D detectors. Therefore, these parameters were
used in all subsequent dry etching and measurements reported related to dry
etching.
Figure 4.6 shows a plot of the maximum depth obtained versus the etching time of
holes with three different diameters: 10, 20, 30mm.
Fig. 4.5. Cross sections of: (a) 10mm hole; (b) 20mm hole; (c) 30mm hole. Hexagonal
geometry of: (d) 10mm holes; (e) 20mm holes; (f) 30mm holes. All the holes have been
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The holes were etched using the optimised parameters explained above. As can be
seen from this plot, the etch rate increases as the diameter increases. This is due to
a better exchange of the gases inside the holes. During the etching process, the
optimum conditions vary with depth. The deeper the hole is etched the more
difficult it is for the SF6 to etch the coating on the bottom sidewall. This effect
becomes stronger and stronger until the etching of the holes stops. In figure 4.6, it
can be seen that increasing the etching time of 10mm holes above 100 minutes did
not increase significantly the depth of the holes. The gradient of the depth as a
function of etching time tends to zero after 100 minutes for 10mm holes, whereas it
is almost constant for 20 and 30mm holes.
A way to avoid this problem it to use the technique of parameter ramping [56]. In
this way the process conditions can be changed with time to keep the process
optimal.




















Fig. 4.6. Plot of the depth obtained as a function of the etching time for holes with
different diameters. The lines shown are not fits but guides to the eye.
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A reduction of the pressure or a high platen RF power are required to improve,
respectively, the transport of species to the bottom trench and the directionality of
the ions. However, reducing the process pressure increases the mask sputter rate
and thus reduces the selectivity of the etch. Hence for large etch depths the mask
thickness may be insufficient. Increasing the platen RF power helps to increase the
etch rate by removing the passivation from the base of the trench but again increases
the mask sputter rate.
Ramping the platen RF power from low power to high power reduces the mask
sputter rate in the early part of the process. However, as the depth increases, the
increasing RF power maintains transports of the gases into the holes. This helps to
maintain an overall etch rate and the quality of the profile. Currently, the ICP etch
tool used for 3D fabrication does not have parameter ramping available but it is
planned to adopt this technique in the near future.
The fabrication of 3D detectors requires a balance between the diameter and the
depth of the electrodes. The diameter must be as small as possible because the
holes is a dead area of the detector. The depth of the electrode should be in the
range 200-300mm for gallium arsenide and, in the case of silicon greater than
300mm to detect X-rays (as explained in chapter 3).
In this project most of the work concentrated on 10mm holes because this is a
suitable diameter for the tracking of radiation in medical imaging and high-energy
physics (discussion of the requirements of semiconductor detectors for medical
applications is presented in Appendix A). With this diameter, the maximum depth
obtained was about 140mm for 120 minutes of etching (aspect ratio 14:1). This may
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not be enough for the application of silicon in X-ray imaging, but it is enough to
detect charged particles such as electrons and alpha particles.
Measurements on detectors fabricated using the dry etching technique are reported
in detail in chapter 6. In addition their electrical characteristics have been
compared to MEDICI simulations.
4.4.1 Dry etching of GaAs
The dry etching process can also be used to create holes in gallium arsenide. The
chemistry for etching silicon and gallium arsenide is different however. Silicon is
almost exclusively etched with SF6, with passivation provided by C4F8, whereas
GaAs is etched with chlorine (Cl2) and passivated with a mixture of methane and
SiCl4. Fluorine is only used with III-Vs semiconductors in special circumstances
due to the relatively low volatility of group III fluorides.
Fig. 4.7. Dry etched GaAs using the STS facilities.
(a) (b)
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Since the facilities to process gallium arsenide were not available at Glasgow
University some samples were sent STS plc [53] for etching. The samples were
sent with the appropriate pattern and a photoresist mask spun on the surface.
Figure 4.7.a shows a sample processed by STS. The holes were etched for 30
minutes achieving a depth of 37.5mm. The etch rate was 1.25mm per minute and the
diameter of the hole was 10mm.
It must be reported that the process has still to be optimised since, as figure 4.7.b
shows, the passivation layer process on the hole sidewall breaks down for etching
times longer than 30minutes.
4.4.2 Dry etching defects and damage
Despite all the advantages of the dry etching process one potential worry of
removing crystalline material by this method is the introduction of defects and
damage [57-58]. Defects and damage can increase the scattering of mobile charges
and reduce carrier lifetimes within the material.
The principal mechanism that causes deep defects within dry etched material is ion
channelling. This occurs when an ion is scattered into the crystal along a low-index
direction. When the ion loses energy, it creates point defects and localised defect
complexes, depending on the energy.
When ions fall upon a surface they can either cause damage to the surface or etch
the surface. In a well designed process, the rate of removal of the damage will
equal the depth of damage formation. Therefore, after some initial time the depth of
the damage should become constant.
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At the sidewalls, ions from the plasma make only glancing collisions with the
vertical surface, as shown in figure 4.8. Additional contributions may come from
material ejected from the adjacent etched plane surface.
Near the edge, shadowing of channels by adjacent surfaces may reduce the creation
rate of defects.
The creation of sidewall damage close to the collection electrodes may affect the
charge collection efficiencies of the detectors. How these defects limit the detector
performance is still uncertain but preliminary studies are presented in chapter 6.
4.5 Laser Drilling
The second technique that has been used to create high aspect ratio holes in
semiconductor material is laser drilling. The most important advantage of using a
laser is that it is independent of the material machined. The drilling operation was
carried out at Strathclyde University using a femtosecond laser.
Conventional continuous wave and long pulse (nanosecond) lasers are used in many
fields, such as material processing. In these regimes the dominant process is the
Fig. 4.8. Example of channelling in GaAs at horizontal and vertical surfaces.
In GaAs the damage penetration is maximal along the (110) direction.
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heating of the target material through the liquid phase to the vapour phase, resulting
in expansion and expulsion of the desired target. This is accompanied by heating
and collateral damage to the surrounding area, the degree of which is determined by
the rate of energy loss through thermal conduction in the material. This collateral
damage is often detrimental and is a limiting factor when high precision ablation is
required.
Due to their high peak intensities, ultrashort (picosecond and femtosecond) pulses
ablate material via the rapid creation of a plasma that absorbs the incident energy,
resulting in direct vaporisation from the target surface. This produces negligible
collateral heating and shock-wave damage. In semiconductor materials, the plasma
generation may be initiated by multi-photon ionisation rather than resonant
absorption, resulting in an ablation threshold that, for sufficiently short pulses,
becomes solely intensity dependent, regardless of local material properties. This
intensity dependence permits the ablation of features smaller than the focal spot size
when operating near threshold, since only a fraction (the central region) of the
focused light exceeds the threshold intensity [59].
Fig 4.9. Comparison of different types of laser.
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The only disadvantage of using a femtosecond laser is that the low pulse energy of
these systems can limit its ability to drill high aspect ratio holes without significant
taper.
Tapering occurs because the material removal profile follows the transverse beam
profile. Consequently, with a Gaussian transverse beam profile, more material is
removed from the centre. This rapidly results in a tapered drilling profile and a
reduction in the incident laser specific power density. At the extremities of the laser
spot, specific power density may fall below the machining threshold resulting in a
tapered profile. This tapering will be more pronounced for higher aspect ratio
holes.
Initial trial drilling of very small holes (<30µm diameter) indicated that for most
holes tapering occurred during the first 100-300µm. At greater depths tapering was
greatly reduced. Consequently, the femtosecond laser source was used in
Fig. 4.10. Schematic of the laser set-up.
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conjunction with a sacrificial layer placed directly above the desired work piece,
as explained in this section below.
The laser used in this project was a Ti:Sapphire laser [60] which can provide 3mJ
laser pulses of 40fs duration at a pulse repetition rate of 1kHz, wavelength 810nm
or 405nm using a doubling crystal (BBO). The doubling of the wavelength is
obtained by using a non-linear crystal that converts a small fraction (about 10%) of
the fundamental radiation wavelength, from around 800nm, to the second harmonic,
at around 400nm. Figure 4.10 shows a schematic of the laser.
The beam is sent to a series of dichroic filters in order remove the fundamental
wavelength. Typically, more than 95% of the red is removed after the reflection on
the dichroic, so the use of 2 or 3 dichroics ensures a high purity of the second
harmonic for the machining. A photograph of the actual set-up using two dichroics
and the “flying optics” is shown in figure 4.11. The flying optics formed by two
mirrors controlled by a PC is used to change the position of the beam on the
substrate by moving the mirrors. The sample is mounted on an x-y stage, controlled
by a PC in order to create the array of holes, and placed in vacuum to avoid
ionisation of the air.
The equation for the theoretical spot size of the focused laser beam is [104]:
( )( ) 24 Mdfs pl= [4.1]
where l is the wavelength of the beam, f is the lens focal length, d is the beam
diameter entering the lens and M2 is the beam quality factor. The beam quality
factor describes how much worse the real laser beam is than a diffraction-limited
beam.
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When the beam quality factor approaches the theoretical limit of 1, the theoretical
spot size equation is reduced to:
( )dfs l27.1= [4.2]
From this equation the diameter of the holes expected using the blue light should be
around 3mm for M2 equal to 1, with a beam diameter of 1.5cm and a focal length of
100mm.
It is obvious from equation 4.2 that a shorter wavelength and a short focal length
lens will produce a smaller spot size and, consequently, higher power density. A
larger absorbed power density will result in more effective drilling.
The first attempt to drill holes was using a silicon sample without photoresist or
silicon oxide on the surface. The wavelength of the light was set at 800nm (red)
Fig. 4.11. Picture of the laser working station. On the right are the x-y stage and
the vacuum tube where the sample is placed. The “flying optics” is placed in the
middle of the picture and dichroics on the left.
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without using the BBO crystal. The set-up of the laser was similar to that shown in
figure 4.10, but the sample was not placed in vacuum.
Initially, it was necessary to find the focus of the beam on the sample surface. This
was achieved by setting the power of the beam at a fixed value (in this case about
100mW) and drilling a line of holes separated from each other by 250mm. The
focus on the surface was changed by moving the flying optics in steps of 200mm
using a micrometer screw. The holes thus obtained are shown in figure 4.12a.
Figure 4.12b shows details of a hole that is not at the focus position. The debris on
the surface around the hole and its linear shape can be seen in the picture. Figure
4.12c shows the hole which is at about the position where the beam is focused on
the surface. The focus position can be determined by examination of the shape of
the holes, this changes from a line (far from the focus) to a circle (at the focus
position). Furthermore, the damaged area on the surface is bigger when the beam is
not focusing on the surface. This is due to the shape of the beam, which closes up at
its focus position and then enlarges again as the sample is driven through the focal
plane.
When the position of the focus has been found roughly, it can be refined by changing
the position of the flying lens by 50mm steps (horizontally in figures 4.12) around
the focus position. This is shown in figure 4.12d where the power of the beam was
also varied in the range 100mW to 750mW (vertically in the picture with the higher
power on the top). The drilling time of each hole was about 10s, as this was the
required duration to go through the substrate. For the higher power, the size of the
holes is about 120mm with much damage present over a large surrounding area.
Moreover a resolidified wall of ejected debris has grown all around the hole.
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Figure 4.12.f shows the back side of the holes; it can be seen that no significant
tapering occurs at the power used. The thickness of the sample was 190mm. In
figure 4.12.e the best holes obtained are shown in detail. These were formed with
laser powers of 100 and 250mW. The hole diameters were 30 and 45mm
respectively. As can be seen in the picture, at lower power the area surrounding the
holes is covered with thin film debris and has been mechanically damaged.
To avoid these effects, a layer of photoresist was deposited on the surface of all
subsequently drilled holes. The surface was covered following the steps reported
in table 4.1. Furthermore, a layer of 400nm silicon dioxide was also present on all
Fig. 4.12 (a) Line of holes drilled at different focus settings; (b) detail of a hole drilled with
the beam  out of focus; (c) beam at the optimal focus position; (d) matrix of holes machined
at different energies;  energy decreases from top to bottom; (e) detail of holes drilled at
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substrates. Figure 4.13 shows the holes obtained in this condition after the sample
has been cleaned in acetone and RO water to remove the photoresist. Most of the
debris on the surface has been washed away in the ultrasonic bath.
Six different beam powers were used to drill the holes in figure 4.13.a. The
powers, which increase from left to right, were: 39, 95, 190, 300, 460 and 700mW.
The focus changes vertically in the picture in steps of 200mm. The diameter of the
holes increase as the power increases but almost all the holes go through the 190mm
substrate.
Fig. 4.13. (a) matrix of holes after drilled covering the surface with a thick layer of photoresist.
The energy of the beam increases from left to right while the position of the focus changes
vertically; (b) exit side of the holes in (a); (c) details of the best holes at 39 and 85mW and the
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Figures 4.13.c and 4.13.d show a detail of the holes, obtained at of 39 and 95mW at
the best focus, on the front and reverse side respectively. On the entrance side, a
large amount of ejected molten debris has grown all around the holes and a
comparison with the backside shows a considerable amount of tapering. Moreover,
the holes are not circular as expected. Figure 4.13.e shows a magnification of a
hole drilled at 190mW while figure 4.13.d shows a further magnification of the
sidewall. The internal wall shows striations and appears rough. The first effect can
be caused by the resolidification of the melted material induced by the drilling and
the second may be due to the energy of the beam being too high.
To improve the quality of the holes it was decided to use blue light and to reduce
the power of the beam. The sample was also placed in a vacuum chamber to
prevent the laser from ionising the air. A sacrificial layer of silicon, about 200mm
thick, was placed on top of the samples. This layer provides further protection of
Fig. 4.14. Schematic of the optical configuration of the laser.
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the sample surface and, due to the tapering, decreases the spot size of the holes in
the second sample. A schematic of the final laser set-up is shown in figure 4.14.
The power of the beam was set at about 1W (red light) but it was reduced to about
75mW (blue light) on the sample due to the attenuation of the optics.
Figure 4.15 shows the holes obtained in this configuration of the laser. The spot
size of the holes in the sacrificial layer is about 30mm while the size in the sample
is about 10mm. The holes shown in the first line on the top of the picture have been
drilled for 5 seconds while the rest of the holes have been drilled for 10 seconds.
Horizontally in the picture, the focus on the surface was changed moving the flying
optics by steps of 50mm.
By using the sacrificial layer, the diameter of the holes has been drastically reduced
from about 30mm to less than 10mm. The debris around the entrance holes seems to
be reduced when the drilling time is reduced. For this reason all the holes that are
referred to later in this thesis are obtained using 5 seconds drilling time.
Fig. 4.15 Holes obtained using the laser configuration shown in figure 4.14. The first line of
the holes in the far left picture has been machined for 5 seconds and the rest for 10 seconds.
The two other pictures show a magnification of these holes.
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An example of the best holes obtained in silicon with the optimum parameters are
shown in figure 4.16. Holes arranged in a hexagonal geometry were drilled by
programming the x-y stage in steps of 85mm.
The entrance hole, figure 4.16.c, is 10mm in diameter while the exit hole is 8.6mm,
figure 4.16.f. Very important for laser fabrication is the repeatability of the
characteristics of the holes. This has been obtained in the array created since all the
holes appear to have the same diameter even if there are some differences in the
debris deposited around the entrance. However, many arrays have been created in
Fig. 4.16. (a) Matrix of holes obtained in silicon with the optimum laser conditions; (b) detail
of the hexagonal geometry; (c) magnification of a hole; (d) backside of the matrix of holes
shown in (a); (e) cross section of a drilled hole, the damage on the left side of the hole is due
to the cut; (f) exit side of a hole.
(a) (b) (c)
(d) (e) (f)
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different silicon samples to be sure of having found the optimum drilling
parameters. Figure 4.16.e. shows the cross section of a hole. It does not show any
significant tapering and the sidewall surface seem to be smoother than the previous
attempt (figures 4.13).
Subsequently, the same parameters were used to create arrays of holes in different
semiconductor materials such as gallium arsenide and silicon carbide. As already
explained the ablation effect of the femtosecond laser is independent of the material
machined.
Fig..4.17. (a) Matrix of holes obtained in GaAs with the optimum laser conditions; (b) detail
of the hexagonal geometry; (c) magnification of a hole; (d) backside of the matrix of holes
shown in (a); (e) cross section of drilled hole showing the divergence of the beam; (f) exit
side of a hole.
(a) (b) (c)
(d) (d) (e)
Chapter 4. 3D DETECTOR FABRICATION 132
As expected the holes obtained in these materials are similar to those obtained in
the silicon substrate. The only difference was caused by the thickness of the
samples. The GaAs was about 525mm thick while the SiC was 300mm thick.
The holes obtained in gallium arsenide samples have diameters of about 8-10mm
(figures 4.17.a and 4.17.b) and most of them go through the whole thickness of the
material. The holes on the backside are about 5mm in diameter. The holes follow a
straight line for the first 300mm and then start to diverge as the energy density
decreases beyond a threshold point as shown in figure 4.17.e. For the applications
of 3D detectors in X-ray detection, 300mm is a suitable depth. Most of the debris on
the surface was cleaned up by removing the layer of photoresist.
However, acid cleaning for 10 minutes in a solution of 1:1:50 HCl:H2O2:H2O can
be used to improve the removal of the debris left on the surface. Qualitatively, it
was noticed that in the drilling of GaAs more ejected particles accumulated around
the hole. This usually means that a significant amount of material has been removed
in a molten form. For silicon considerably fewer particles were ejected from the
sample. The fraction of the material removed as a melt depends on the material
parameters such as melting and boiling points and viscosity.
Figure 4.18 shows holes drilled in 300mm thick silicon carbide. Again the quality
of the holes is very good with diameters as small as 10mm and no significant
tapering. Due to the high cost of the material only two pieces of SiC were drilled
giving similar results.
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Since silicon carbide is a transparent material many difficulties arise in laser
drilling. The beam would normally just pass through the sample unabsorbed with
only occasionally sufficient energy being absorbed to initiate the drilling. Once the
drilling is initiated the sample will absorb light very efficiently and the drilling
will continue.
Fig. 4.18. (a) Silicon carbide holes drilled with the optimum laser parameters; (b)
detail of a hole; (c) debris grown around the entrance hole; (d) exit hole.
(a) (b)
(c) (d)
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It should be mentioned that in the tests carried out on laser drilling of silicon
carbide the beam always successfully machined holes through the substrate. This
may be due to the high quality of the material used.
4.6 Photoelectrochemical Etching
The final technique that was used to create a matrix of uniform diameter holes
through the thickness of a silicon wafer is photoelectrochemical etching (PEC)
[61]. Using this method holes 200mm deep with a diameter smaller than 5mm can be
achieved. Moreover, levels of damage induced by this technique are expected to be
low [62]. As explained below, the silicon used must be (100) n-doped and about
300mm thick.
The photolithography steps required to create a mask on the substrate surface are
the same as those described in figure 4.1. The only difference is that after creating
the mask of holes in the oxide layer the photoresist is removed from the surface by
placing the sample in a bath of acetone. Ultrasonic agitation helps the acetone to
remove all the photoresist from the substrate.
After having created the oxide mask on the surface, the sample is placed in a hot
(600C) potassium hydroxide (KOH) solution in order to etch some small dimples
(depth about two thirds of the desired hole diameter). The bottom surface must also
be covered by a layer of material resistant to the hot (KOH) etching, e.g. SiO2 or
high temperature resistant wax.
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The dimples are used in the deep etching step to concentrate an electric field to
determine the etching pattern. The silicon etching process is a redox reaction where
silicon is oxidised in a first step to an oxidation state +4 and water is reduced to
hydrogen and hydroxide ions.
Thus the chemistry of the reaction is:
Si + 4 OH- SiO2 + 2 H2O + 4 e- Oxidation
Fig. 4.19. Orientation dependent wet etching in (100) silicon. On the top, a
schematic of the process is shown. On the bottom, (left) precise V-shaped
dimple and (right) U-shaped groove. The 400nm layer of SiO2 that masks the
surface of the substrate can be seen in the picture.
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2 H2O + 2 H+ + 4 e- 2 OH- + 2 H2 Redox
Si + 2 H2O SiO2 + 2 H2 Total
The dimples are created since the KOH etches some silicon crystal planes much
faster than other planes [42]. In a diamond lattice such as silicon, the (111) plane is
more closely packed than the (100) plane and therefore the etch rate is expected to
be slower for the (111) plane. The etch rate of silicon in KOH is about 0.6mm/min
for the (100) plane, 0.1mm/min for the (110) plane and 0.006mm/min for the (111)
plane at about 800C. Thus the ratio of etch rates for the (100), (110) and (111)
planes is 100:16:1.
Using this technique it is possible to obtain precise V-shaped grooves with the edge
being the (111) plane at an angle of 54.70 from the (100) surface as shown in the
bottom left of figure 4.19. If the etching time is short, a U-shaped groove will be
formed as shown in the bottom right of figure 4.19. The latter was etched for half of
the required time to create the V-shaped dimple. In the picture it can be seen that the
SiO2 mask has not been affected by the etching. The mask created in the oxide has
circular holes while the dimples in the material are square since the etching follows
the plane orientation.











where W0 is the width of the dimples on the wafer surface and l is the etched depth.
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After creating the dimples, the next step is to etch the array of holes through the
substrate. The anisotropic etching though the wafer is based on the preferential
anodic dissolution of silicon in the etch pit regions where the holes1 (h+) are
collected more efficiently due to the enhanced electrical field. The electrical field
focus at the bottom of the pit and therefore the local current density is increased.
Since the dissolution rate is controlled by the number of h+ generated by light
illumination of the wafer backside, the hole walls become depleted of the minority
carriers (h+, due to the n-doping) that drive the dissolution.
To create the holes the silicon sample is placed in a hydrofluoric acid (HF) bath
with a di-potassium sulphate (K2SO4) solution on the back of the sample. The etch
solution is composed of a 2.5 to 5 % HF solution (obtained typically by mixing
                                                            
1 To avoid confusion between the etched holes and positive charge carrier (holes), in this section
the latter will be referred to as h+.
Fig. 4.20. Schematic of the set-up used for the electrochemical etching process.
Chapter 4. 3D DETECTOR FABRICATION 138
30ml of 50% hydrofluoric acid, 300ml of water and 100ml of ethanol; the ethanol
prevents the re-deposition of etched silicon on the substrate). An electric field is
then applied between the top and bottom of the sample. The lamp illuminates the
backside of the wafer through polycarbonate windows in the wafer holder. In this
way electron-h+ pairs are created on the backside of the silicon substrate.
Under the influence of the electrical field between the electrodes, the h+ drift
towards the front of the sample, as shown in figure 4.22, and are focused at the
bottom of the dimples created in the previous step. The aqueous HF and K2SO4
solutions act as electrolytic front and back contacts, respectively. The silicon
etching process is a primary dissolution reaction of the silicon induced by the
hydrofluoric acid and the photogenerated h+:
Fig. 4.21. Current-voltage characteristics as a function of the light intensity. The
light intensity was varied by moving the lamp away from the polycarbonate
window. The current is not normalised to the sample area.
Chapter 4. 3D DETECTOR FABRICATION 139
Si + 2 HF + 2 h+ SiF2 + 2 H+
rapidly followed by:
2 SiF2 Si + SiF4
SiF4 + 2 HF H2SiF6
By controlling the lamp power the anodic current, which is proportional to light
intensity, can be changed. Figure 4.21 shows typical current voltage characteristics
as a function of the lamp distance from the polycarbonate window. Changing the
distance controls the light intensity on the substrate (the surface area of the substrate
exposed to the HF solution is about 0.75cm2).
Fig. 4.22. Schematic of the photochemical etching process.
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For a current density exceeding a critical value JPLS (at about 4V in figure 4.21)
[63], the etching process stops and electropolishing occurs. The latter occurs if the
diffusion of chemical reactants in the electrolyte is rate limiting and thus a surface
charge of h+ builds up (h+ are accumulated at the electrode interface), and therefore
the surface dissolves at the same rate as the depressions. An example is shown in
figure 4.23 where the right side of the substrate was uniformly flattened by the
electropolishing process (the left side was screened by wax and thus not affected
by the process).
For current densities below JPLS, holes form in the electrode surface. H+ are
depleted at the electrode and HF accumulates at the electrode surface. Therefore
every depression or pit in the surface initiates hole growth because it focuses the
electric field lines of the space charged region and thereby enhances the local
current density. The value of JPLS can be identified by a peak in the current voltage
characteristic as shown in figure 4.23. Usually this point is chosen because the
Fig. 4.23. On the left, is an example of how the electropolishing process occurred
instead of electrochemical etching. On the right, the value of JPLS is shown for an ideal
current-voltage curve for the electrochemical process.
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electrochemical etching occurs at its maximum speed. In our test it was not possible
to identify precisely the value of JPLS but it was estimated to be at about 7mA/(area
of the etched surface) for the maximum light intensity.
The optimum etching conditions were found to be 3.5V with a current of 800mA.
The current was adjusted by moving the lamp position. The etch solution was
composed of 2.5% HF aqueous solution (obtained by mixing 50ml of 40%
hydrofluoric acid, 750ml of water and 200ml of ethanol) and the lamp power was
about 50W.
The etch rate achieved under those conditions was about 15mm per hour with an
aspect ratio of 12:1 (for an etching time of 8 hours). The holes obtained are shown
in figure 4.24. The separation of the holes was 25mm.
Qualitatively, it can be noticed that the surface of the substrate is also etched. It
appears to be bumpy and irregular. This is not a major concern because the effect
should be reduced by decreasing the pitch of the holes. However, a polishing
process may be used to flatten the surface.
Fig.4.24. Electrochemical etching of silicon samples. On the far left, the bumpy surface is
shown. The middle illustration shows a cross-section from a saw cut of the matrix of holes.
On the right, is shown a detail of the smooth surface obtained.
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4.8 Results and discussion
In this chapter a number of fabrication techniques to create uniform arrays of holes
in various semiconductor materials have been investigated. The relative advantages
and disadvantages of each technique are summarised below. Table 4.3 compares
the three techniques investigated.
· Dry etching: is a very powerful technique. A large area of substrate (up to 4”
wafers) can be etched simultaneously with an etch rate of about 1mm per
minute. The optimum etching parameters can be saved on a computer, so the
same condition can be recreated for every wafer run. A mayor potential
limitation in using dry etching is the sidewall damage induced by ion
channelling. In silicon the defects may be annealed out at higher temperature.
However, this may well be a major concern for III-V semiconductors such as
gallium arsenide, because of the compound nature and the lower melting
temperature [64]. Another disadvantage may be the limited depth to diameter
ratio. In our tests the best obtained aspect ratio was 14:1 for an etching time of
120 minutes and 10mm diameter holes. However, in some papers [54]
published by STS technology they state that it is possible to achieve holes with
a depth to diameter ratio in silicon up to 20:1.
In the near future more tests will be carried out in collaboration with STS to
improve the aspect ratio of ICP holes in GaAs.
· Laser drilling: using this technique, very good results have been achieved in
machining holes with depth to diameter ratio holes up to 50 to 1. The main
advantage is that laser drilling is independent of the material used. This may be
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very important for the creation of 3D detectors in new types of semiconductor
materials such as CdTe and CdZnTe, which have been extensively studied for
medical imaging applications [65]. The limitation of this technique is that the
process is serial, each hole must be drilled separately, while in the other
techniques the arrays are etched simultaneously. Using laser drilling each hole
requires 3-5 seconds to be fully formed and to this time must be added the
moving time of the x-y stage. To drill a complete array on a 3” wafer will take
around 250 hours.
· Electrochemical etching: this is a very powerful technique to obtain high aspect
ratio holes with minimal damage to the sidewall surface. The etching proces,
different from dry etching and laser drilling, is a chemical reaction together
with an electric field that etches the material. In this way no damage due to
channelling or shock waves are induced in the material. Furthermore, high
aspect ratios are expected, up to 100:1. The electrochemical etching is suitable
for both silicon and gallium arsenide [66] with no wafer size limitation,
although in this work, only etching of silicon was investigated.
Two limitations must be considered in using this technique: the shape of the
holes which is not circular due to the orientation plane of the KOH etching and
the surface undulations due to the HF etching. The first may distort the
uniformity of the electric field around the holes and thus modify the charge
collection in a detector. The second may be solved by polishing the surface
after etching.
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At present it is not possible to chose among the three techniques described above.
Each technique can potentially be used to achieve the final requirement of 3D
technology. Further investigations will be carried out in the near future to improve
the aspect ratio of the holes using the dry etching and electrochemical etching
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In this chapter the techniques used to create p+-n or Schottky junctions within the
holes are described in detail. Metal evaporation, spin on glass and polysilicon
deposition were used to create Schottky contacts and p+-n junctions. Furthermore,
the circuits used to connect the arrays of holes to the read out electronics are also
described.
The information used to write this chapter has been extracted from several papers
and the following books: “Semiconductor Device, Physics and Technology” by Sze
[42], “VLSI Technology” by Sze [43] and “Semiconductor Radiation Detectors” by
Lutz [19].
5.1 Introduction
After creating the array of holes in the substrate, electrodes must be formed within
the holes in order to create a radiation detector diode. Two types of contacts can be
formed: p+-n junctions and Schottky contacts. Their characteristics have been
described in Chapter 2.
For gallium arsenide, Schottky contacts can be satisfactorily formed by evaporating
multiple layer of metals onto the semiconductor surface. For silicon, p+-n junctions
are commonly preferred to Schottky contacts due to the higher level of leakage
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current of the latter. However, Schottky contacts have been largely tested here,
since these are more versatile and less expensive to make, compared to p+-n
junctions.
Intrinsic silicon substrates were etched using dry etching technique and laser
drilling and then evaporated with a multi layer of metals to create Schottky
junctions within the holes.
Doped silicon, with both high and low impurity concentrations, was used to form
3D detectors using the dry etching technique. N-type silicon wafers (phosphorus
concentration of about 1012 cm-3) were used mostly since higher values of the
barrier height, compared to intrinsic silicon (appendix E), were expected for the
Schottky junction.
The spin on glass technique was used to diffuse high levels of impurities
(phosphorus or boron) into the intrinsic silicon substrate. The impurities were
diffused only around the sidewall of the holes.
5.2 Metal evaporation
The metal deposition was carried out using a Plassys MEB 450 Electron Beam
Evaporator. This evaporator contains an electron beam gun and a rotating crucible
with a choice of six metals within a vacuum chamber evacuated to a pressure of
5×10-7 mbarr. Recipes can be formulated using any of the six available metals with
any thickness up to approximately 500nm.
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Before metal deposition, all the samples were de-oxidised for 30s in a 1:4 solution
hydrofluoric acid (HF) and RO water which removed any natural oxide that had
grown on the sidewall of the holes since the etching. Furthermore, in the case of dry
etched holes the HF helped to remove the passivation layer due to the ASEä
process.
The Schottky contacts for silicon [67], gallium arsenide [68] and SiC [69] were
made of multiple metal layers. The desired metal was evaporated onto the wafer in
the Plassys by focussing an electron beam onto the crucible of the metal in the
vacuum chamber. The metal was ejected toward the sample and deposited there.
The metal layers used for the contacts were:
· 33nm titanium, 30nm palladium and 150nm gold for GaAs;
· 50nm titanium, 5nm gold and 100nm gold for Si;
· 100nm nickel for SiC.
Fig. 5.1. Schematic of the lift off process. Schottky barriers have been formed on all
sidewall surfaces. Depending on the biasing, one of the Schottky contacts is forward
biased and therefore not rectifying. The plot is not to scale.
CHAPTER 5. ELECTRODE FORMATION 148
In the silicon recipe the 50nm Ti and 5nm Au films are commonly referred to as
“seed layer”. The seed layer, which plays a vital role in the electroplating process,
is described later in section 5.4. In the GaAs metallisation, the palladium layer
prevents the gold from diffusing very rapidly into the gallium arsenide. In this way
a rectifying junction is formed. Titanium is used to improve the metal adhesion to
the gallium arsenide and silicon.
Once the metals were deposited, the sample was removed from the evaporator and
placed in a bath of acetone. The acetone dissolved the photoresist which was used
to mask the surface of the substrate. In this way the metal stayed only on the
sidewall surfaces. The metal layers forming the contacts are schematically
represented in figure 5.1. This process used for deposition is known as lift-off.
Ultrasonic agitation was employed to remove all the photoresist from the surface.
Care was taken to make sure that no metal particles redeposited themselves onto the
surface by washing the wafer as it was taken out of the acetone bath by RO water.
Fig. 5.2. Metal evaporated inside a 10mm hole. On the left, the metal has been evaporated on
the photoresist mask. In the middle, the picture shows the bottom surface of the hole. On the
right, the sidewall surface is shown; the thickness of the metal is about one third of the
thickness evaporated on the bottom of the hole (about 216nm).
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The sample was blow-dried using compressed nitrogen. Finally, the sample was
checked optically to ensure that the lift-off was completed.
An example of the metal evaporated inside deep holes is shown in figure 5.2. The
recipe used was the one for GaAs, but the micrograph is of a silicon-based sample
in which all the initial process developed was done. The holes were dry etched and
had a diameter of 10mm. The depth of the holes was about 130mm. Figure 5.2.a
shows the metal layer evaporated onto the resist etch mask and figure 5.2.b shows
the same layer on the bottom of the hole. In both cases, the full amount of metal
thickness was deposited on the surfaces. Figure 5.2.c shows the multi layer of metal
deposited on the sidewall surface. In this case only about one third of the metal
thickness was present on the sidewall surface.
5.3 Diffusion of dopants
Diffusion of impurities is typically performed by placing semiconductor wafers in a
furnace and passing an inert gas that contains the dopant through it. The temperature
of the process usually ranges between 800 and 12000C for silicon and from 600 to
10000C for gallium arsenide.
For diffusion of silicon, boron is the most popular dopant for introducing a p-type
impurity, while phosphorus is used as an n-type dopant. These elements are highly
soluble in silicon, with a solubility above 5×1020cm-3 in the diffusion temperature
range.
The method used in this project to diffuse impurities into silicon was based on spin
on glass techniques. The dopant materials were liquid sources (borosilicafilm and
phosphorosilicafilm solution) with a concentration of 5×1020cm-3. The liquid was
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firstly applied to the substrate coated with SiO2 in which holes had previously been
formed, by spinning for 30s at 2000 r.p.m., to coat the surface uniformly.
Subsequently, the sample was baked at 900C for 10 minutes, resulting in a semi-
hard thin film left on the surface. The SiO2 layer on the wafer surface ensured no
diffusion into the bulk, only in the holes. The liquid source spun onto the surface of
the wafer was pulled by capillary forces into the drilled holes because the liquid
wets silicon. Details of this method can be found in [70].
Subsequently the dopant was diffused inside the substrate by placing the sample
inside a furnace at a temperature of 10300C for about 15 minutes.
Diffusion in a semiconductor can be visualised as the atomic movement of the
diffusants in the crystal lattice via vacancies or interstitials. At elevated
temperatures, the lattice atoms vibrate around the equilibrium lattice sites. There is
a finite probability that the host atom acquires sufficient energy to leave the lattice
site and become an interstitial atom thereby creating a vacancy. When a
Fig. 5.3 Diffusion of phosphorus inside the sidewall of 3D detectors.
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neighbouring impurity atom migrates to the vacancy site, the mechanism is known as
vacancy diffusion. If an intertistial atom moves from one place to another without
occupying a lattice site, the mechanism is interstitial diffusion. An atom smaller
than the host atom often moves interstitially.
The impurity concentration C(x,t) as a function of depth below the wafer surface, x,
and diffusion time, t, is determined from Fick’s diffusion law:











where the diffusion coefficient, D, varies with temperature and from one impurity to
another. Figure 5.4 shows typical values of the diffusion coefficient for a number of
impurities in silicon.





, SdxtxC and ( ) 0, =¥ tC [5.2]
which satisfies the condition used to prepare the samples described in this section,
is:
Fig. 5.4. Diffusion coefficient in silicon for different dopants.


















where S is the total amount of dopant per unit area.
Since the dopant will move into the semiconductor as time increases, to keep the
total dopant S constant, the surface concentration must decrease. This is indeed the





































The gradient is zero at x=0 and at x=: while the maximum occurs at Dtx 2= .
For the diffusion process above used to create the 3D detectors, (10300C for 15
minutes diffusion with initial phosphorus concentration 5×1020cm-3), the maximum
value of the gradient for phosphorus diffusion occurs at x=250nm with a
concentration of 9.1016cm-3. Figure 5.5.a shows a plot of the concentration
calculated (equation 5.3) as a function of the distance below the sidewall surface
after annealing the sample for 600, 900 and 1200 seconds at 10300C.
Figure 5.5.b shows the concentration as a function of time at different values of x
calculated using equation 5.3. For x=250nm (point of maximum gradient) the
concentration reaches its maximum after 400 seconds and then starts to decrease,
whereas for the other points the concentration continues to increase as a function of
time.
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After the sidewalls were doped with the phosphorus dopant, Schottky contacts
were formed by following the same steps described in section 5.2. In this way, an
n-Schottky junction was created at the metal-semiconductor interface. As reported
in the literature [12], this junction has a higher value of the barrier height and thus a
lower value of the leakage current compared to Schottky junctions in intrinsic
silicon and p-type doped silicon.
The spin on glass technique can also be used to create p+-n radiation detectors.
First, the central electrode must be etched in n-type silicon substrate and doped
using boron. Afterward, the surrounding electrodes are etched and an ohmic contact
is formed evaporating a layer of aluminium. The quantities calculated in figure 5.5
are valid for both boron and phosphorous doping since their values of D in equation
5.3 are similar (figure 5.4).
5.4 Electroplating
After creating a Schottky contact or a p+-n junction within the holes these have to be
filled with a suitable material for two reasons:
Fig. 5.5. On the left, dopant concentration as a function of distance for different annealing
times. On the right, dopant concentration as a function of time at the point of maximum
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· Firstly, the holes must be connected to the read out electronics. The optimum
way is bump-bonding [71] each electrode in the array to preamplifier chips
[72]. This technique, which has been widely investigated for pixel detectors by
the MEDIPIX collaboration amongst others, was described in section 3.5.2. A
schematic of the proposed configuration for the 3D detectors which will allow
spatial resolution better than the spacing between the electrodes, is shown in
figure 5.6.
· The holes are a dead area of the detector bulk. Filling the holes with gold helps
to collect charges induced by ionising radiation passing through the filled holes.
Details of Monte Carlo simulation carried out on this problem can be found in
[73]. Another method to fill the holes and create a p+-n junction is by
polysilicon deposition which is described in section 5.5.
A standard technique, which is used extensively to realise thick metal layers in
microelectronics is the electroplating process. In electroplating, the material to be
plated is placed in a plating solution. The substrate acts as a cathode whereas the
solution is the anode. In this work, the sample was submerged in a gold plating
solution (composed of: water, gold sulphite, sodium sulphite, tri-potassium cyanide
and an arsenic compound), where a voltage applied between the cathode (sample)
and anode (solution) causes the metal in solution to decompose and coat the
substrate. Electroplating is simpler and cheaper than evaporation or sputtering, and
allows thick layers to be deposited in a relatively short time. However, the
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resulting metallic coating is difficult to control in thickness, less pure than either
evaporation or sputtering and with relatively poor surface topography.
Many tests have been carried out on arrays of holes with different diameters and
thicknesses. The multi layers of evaporated metal, as explained in section 5.2, form
the seed layer for the electroplating process.
After the evaporating process, a 40nm layer of Au was sputtered to provide
electrical contact for the subsequent electroplating process, since the electroplating
requires plating current to be conducted to all portions of the wafer. Furthermore,
the layer of sputtered gold is necessary since its surface is “rough” and the
electroplated gold sticks well to it. The sample was plated for 120 minutes at 500C
with 100 r.p.m. spin speed for improved uniformity with the plating current set to
give a thickness of 12mm of gold. The plating current is calculated from the
following equation:
Fig. 5.6. Possible improvement of the read-out electronic bump-bonded to a 3D detector. The
picture shown here is for a square array but could be adapted easily for a hexagonal unit cell.
3D detector
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densityCurrent x  Sample)Area  - plateCopper  of(Area current  Plating =
where the copper plate is the block where the sample is mounted into the plating
solution and the current density is 0.013mA/mm2.
The electroplated gold film covered all the surface of the sample with metal. The
final step was to etch the gold from the surface between the holes. A photoresist
mask was applied to protect the holes from the gold etching. The mask was the
inverse of the mask used to create the holes. In this way, only the metallised holes
were masked, with the substrate surface left unmasked. The sample was then placed
in a potassium-iodine solution (composed of 200ml RO water, 340g potassium and
7g iodide) for 10 minutes to etch the gold layer (etch rate 1mm/min). Pictures of the
electroplated gold are shown in figure 5.7.
Figure 5.7.a shows the gold uniformly grown on the wafer surface by electroplating
and figure 5.7.b shows the cross section of a 20mm diameter hole diameter about
25mm deep after removing the photoresist layer under the electroplated gold in
acetone. Figures 5.7.c and 5.7.d show a 20mm diameter hole about 50mm deep. In
this case, the plating was carried out for only about 10minutes resulting in a 1mm
electroplated gold film. Qualitatively, it may be noticed that the gold grows
uniformly in all parts of the wafer substrate. The lighter material under the gold in
figures 5.7.c and 5.7.d is photoresist.
Figures 5.7.e and 5.7.f show the gold left inside the holes after the etch process. It
must be reported that it was not possible to cross section a 10mm hole filled with
gold as in each attempt the gold came away from the substrate during the cleaving.
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The growth rate of the gold inside 10mm holes was smaller than the rate on the
surface. Figure 5.7.e shows a 10mm hole plated for 120minutes. The thickness of
the gold was 10mm on the surface but only 3-4mm inside the hole. In fact it did not
close up as the picture shows. This can be corrected easily by extending the plating
time.
(e)
Fig.5.7. Gold electroplated inside dry etched holes. (a) Gold uniformly growth on a sample
surface; (b) side view of a 30mm hole about 25mm deep; (c) and (d) gold plated inside a 20mm
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5.5 Polysilicon deposition
An improved p+-n junction can be obtained by forming a p+-n-n+ configuration
(figure 1.2) within the holes. The difference between a standard p+-n junction and a
p+-n-n+ is that in the latter the ohmic contact is improved when a metal (usually
aluminium), is deposited on a highly doped n-type silicon bulk.
The p+-n-n+ configuration requires the holes to be filled with polysilicon. The
polysilicon can be deposited by low-pressure chemical vapour deposition
(LPCVD), which involves the capture and surface decomposition of silane





HSiSiH C +¾¾ ®¾ .
A low-pressure reactor operated in a vacuum environment at temperatures around
600-6500C, creates a uniform coating because the silane mean free path is large
compared to the hole dimension and its reactivity is low, so the probability of
Fig. 5.8. Polysilicon deposition inside high aspect ratio holes. On the left, the
polysilicon has been uniformly deposited inside the hole. On the right, a detail is shown
of the polysilicon grown (1) on the sidewall surface. The rate of the growth inside the
hole is about one third of the rate on the wafer surface.
(1)
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attaching to the sidewall in any one collision is very low. When it does do so, it is
just as likely to be at the bottom or the middle of the hole as at the top.
The facility for polysilicon deposition was not readly available at Glasgow
University and therefore some samples were sent to the department of Electronics
and Electrical Engineering at the University of Edinburgh [74]. Due to the high cost
of the process only a thin layer of polysilicon was deposited for about 1 hour.
Figure 5.8 shows the layer of polysilicon grown on the sidewall. The layer is
around 0.4mm thick and is uniformly distributed inside the trench.
After the polysilicon was deposited, a dopant gas was introduced to deposit
phosphorus (from P2O5) or boron (from B2O3). Then the holes have to be filled with
more polysilicon and an annealing drive-in step follows in which the dopant is
Fig. 5.9. Fabrication steps to create p+-n-n+ junction for 3D detectors. The picture is not to
scale.
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driven into the single crystal silicon. The dopant makes the polysilicon and the
silicon around it into a highly conductive electrode. In addition to forming the
electrodes, filling the hole is also required since photoresist must be applied in the
following lithographic steps to form the opposite polarity electrodes without
becoming trapped in the holes.
In figure 5.9 the main steps for the fabrication of p+-n-n+ junction 3D detectors are
summarised. To start, n columns are etched and a thin layer (about 1mm) of
polysilicon is deposited inside them. The polysilicon is doped with phosphorus and
the holes are filled with more polysilicon. The drive-in process at high temperature
allows the dopant to diffuse inside single crystal silicon and in the polysilicon that
fills the hole. The polysilicon deposited on the surface must be removed (e.g. by
dry etching) before etching the p columns. The same steps are then repeated for p-
type electrodes. Further details of this process can be found in [75].
Fig. 5.10. Polysilicon etched from the wafer surface by the dry etching process.
(a) Some polysilicon has been left around the hole (2) to allow contact formation,
however it can be seen that some holes have been overetched (1); (b) detail of the
surface after the dry etching showing that only part of the polysilicon has been






CHAPTER 5. ELECTRODE FORMATION 161
An important advantage of filling the holes with polysilicon is that the electrodes
are not a dead area. If the lifetime of charge carriers is long enough and the
diameter of the hole is sufficiently small, the charges generated by ionising
radiation will diffuse out of the electrode. This should allow both signs of charge to
be collected. The life time of charges in polysilicon can be set by changing the
resistivity of the material. The resistivity depends on the doping concentration
It must be noticed that it was not possible to create a p+-n-n+ junction since the
holes were not filled with polysilicon. It was impossible therefore to protect the
first trenches of holes doped with one type of dopant from the subsequent doping.
Another problem was that the first trench of holes could not be protected from the
dry etching of the second electrodes. The photoresist did not remain on the hole
surfaces but fell into the holes leaving the hole sidewall unmasked. Figure 5.10.a
shows an example of over-etched holes.
More problems arose when attempting to etch off the polysilicon layer deposited on
the surface of the wafers. Figure 5.10.b shows an attempt to etch the polysilicon
surface using an RIE80 etch machine. The surface was etched for 30 minutes using
a SiCl4 gas. The parameters of the etching process were: gas flow rate 7 SCCM,
chamber pressure 10 mTorr, RF power 10W, DC bias -75V and temperature 400C.
The surface was not properly etched, probably due to the impurity doping the
polysilicon (micromasking).
5.6 Aluminium metallisation
Aluminium is commonly used for metallisation in silicon integrated circuits as it
has a low resistivity (about 2.7mW-cm) and thus provides a low resistance contact
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and interconnect metallisation. Another important characteristic is that aluminium
adheres well to silicon dioxide.
To connect the 3D detector array to the readout electronics, an interconnect and
bondpad pattern was defined on the surface of the sample using photolithography
Fig. 5.11. (a) This picture shows strips of holes connected together, one type of strip
connecting all the central electrodes whereas the other connects all the surrounding ones in
order to create the hexagonal geometry marked in red. The total number of hexagonal cells is
1088. (b) This circuit was created to test a single hexagonal cell by wire bonding the central
electrode to the read-out electronics, leaving the surrounding electrodes grounded.
(b)
(a)
CHAPTER 5. ELECTRODE FORMATION 163
followed by evaporating and lift off of 150nm aluminium on the silicon dioxide.
The aluminium was evaporated using an E360 Edwards evaporator.
Two different interconnect and bondpad designs, shown in figure 5.11, were used
to test the detectors fabricated. Figure 5.11.a shows the design created to connect
the strips of anodes together, and the same for those of cathodes. Then, both strips
were wire-bonded to the read out electronics. This was necessary in order to
understand the uniformity of the complete array of holes. Furthermore, the
aluminium pads were made big enough, about 200x200mm2, so they were easy to
bond manually to the electronics.
Figure 5.11.b shows the second circuit used to carry out measurements on single
hexagonal cells. The central pad was wire bonded using a K&S Model 1470
Automatic Wedge bonder, with 10mm placement accuracy and minimum pitch of
70mm, while the surrounding electrodes were connected together to the ground. The
wire used was aluminium based with a diameter of 25mm and comprised of 90%
aluminium and 10% silicon. The silicon in the bondwire improved the strength of
the wire.
The bond pad was 40x40mm2 while the width of the interconnected strips was
15mm. The samples were usually mounted on a ceramic support using insulating
glue. In this way, the sample could be easily used in different apparatus for
electrical measurements.
5.7 Result and discussion
In this chapter, the techniques used to create the contacts within the holes have been
described. Schottky contacts on both intrinsic and doped silicon substrates have
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been realised using metal evaporation and the spin on glass techniques. In the same
way, Schottky contacts have been successfully created on gallium arsenide and
silicon carbide by evaporating multiple layers of metal. The main processes for the
fabrication of 3D detectors are reported below.
1 Deposition of an oxide insulator layer onto the wafer surface by PECVD.
2 Photolithography steps to transfer the holes geometric shape to the resist layer
coating the surface of a substrate.
3 Formation of the holes through
the semiconductor bulk by one




4 Formation of the rectifying
junction.
Metal evaporation (Schottky contacts).
Spin on glass (p-n junction).
5 Definition of the aluminium bondpad pattern on the oxide layer.
6 Connection of the electrodes to
the read-out electronics by:
1)wire bonding
2)bump-bonding
Problems have been found in creating p+-n-n+ junctions within silicon devices.
Further tests will be carried out in the near future when the polysilicon deposition
capability becomes available at the Glasgow University dry etching facilities.
High aspect ratio holes have been filled with gold by a standard electroplating
techniques which will be very useful in future to connect the holes by bump-
bonding to low noise preamplifier chips.
Aluminium evaporation has been used to create circuits in order to connect the 3D
detectors to the read out electronics. Automatic Wedge bonding using 25mm wires
was successfully employed to connect the aluminium pads to the readout
electronics.
Tab. 5.1
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In the near future, p+-n junctions can be created as an alternative to p+-n-n+
junctions. In this way all the issues related to the doping of the holes with different
impurities will be solved.
In order to test if the dopant is uniformly distributed inside the holes, a
spectroscopic analysis of the substrate should be undertaken. This was not
available at Glasgow University but has been planned for the future, when Dash-E
[76] readout chips from the Rutherford Appleton Laboratory (RAL) will be used to
achieve better spectroscopy measurements.




In this chapter, the electrical characteristics of the various 3D detectors fabricated
in this project were measured using Current-Voltage, Capacitance-Voltage and
Charge Collection Efficiency (CCE) techniques. In addition all characteristics have
been compared with MEDICI simulations. All measurements were carried out at
room temperature.
The detectors under investigation were realised using the dry etching and laser
drilling processes described in chapter 4, with the electrical contacts formed
following the techniques described in chapter 5.
At the moment of writing this thesis no tests have been carried out on the devices
fabricated using the photochemical etching process.
Electrical characteristics were simulated using MEDICI in order to provide a
theoretical prediction that can be compared with experimental results. Since this
project deals with the testing of new device designs, it is relatively simple to
change the simulated detector material and geometry in order to find the best
configuration.
The MEDICI [77] simulations were carried out on single hexagonal cells similar to
the ones measured.
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6.1 Current-voltage measurement
Current-voltage measurements were performed using a KEITHLEY 237 Source-
Measure Unit controlled from a PC using a LabView program. The KEITHLEY is
capable of sourcing and measuring voltage or current simultaneously. The input
impedance (as a voltmeter) is 1014 W paralleled by a capacitance <20pF.
The samples were mounted on a ceramic support to enable connection to the
readout electronics. The samples were placed in a metal box to provide electrical
and light shielding. As the current is temperature dependent, the measurements were
carried out in a Hereaus environmental chamber, in order to keep the temperature
constant at 20 oC. At each measurement point a voltage step was applied and the
current measured after a 10s delay to allow the diode to reach equilibrium.
The first property tested was the existence of a barrier in the 3D Schottky contacts
realised by evaporating the multilayer of metals as explained in chapter 5.
From equation 2.6 and 2.7 [12] it can be shown that, for V>3kBT/q (equal to

















A** is the Richardson constant,
and
JS is the saturation current (equation 2.39).
The saturation current can be obtained by extrapolating the value of current density
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The current-voltage curve was measured on a single hexagonal cell (using the
layout shown in figure 5.11.b). The central pad was forward biased while the
surrounding holes were grounded. The detectors studied were made by the dry
etching process in silicon and laser drilling in gallium arsenide. The contacts to
both silicon and gallium arsenide samples were made by evaporating the multi
layer of metals as explained in section 5.2.
Figure 6.1 shows examples of linear fits used to calculate the saturation current JS.
The current measured is the total current rather than the current density. Therefore
the value obtained in the fit must be divided by the area of the Schottky barrier. By
Fig. 6.1. Measurements of barrier heights for different semiconductors: (a) intrinsic
silicon substrate dry etched; (b) lightly n-doped (ND=1012cm-3) silicon dry etched;
(c) laser drilled intrinsic silicon; (d) laser drilled GaAs.
(a) (b)
(c) (d)
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forward biasing the central pad, a barrier is formed on the surrounding electrodes,
so the area, A, of the Schottky barrier can be approximated as the surface of a
cylinder with height, h, given by the depth of the holes and diameter, d, given by the
pitch between the holes. The area of the cylindrical surface is hpd ´= 2A . The fit
was calculated only on the linear part of the current voltage characteristics which
were measured in steps of 0.01V in the range 0.08-1V.
The barrier heights values for different contacts and materials have been calculated
and reported below:
· fb=(0.7960.02) eV for dry etched silicon (intrinsic) diodes, figure 6.1.a;
· fb=(0.9 60.1) eV for dry etched silicon (light n-doped) diodes, figure 6.1.b;
· fb=(0.660.1) eV for laser drilled silicon (intrinsic) diodes, figure 6.1.c;
· fb=(0.7660.05) eV for laser drilled gallium arsenide diodes, figure 6.1.d.
The errors quoted [78] in the value of the barrier height are only those due to the
error obtained in the fit. They do not consider the error in the area of the hexagonal
cell or systematic errors introduced in the measurement.
As stated in Rhoderick [14], the calculation of the barrier height is a difficult task
since it depends on the quality of the metal-semiconductor interface created. Ideal
Schottky contacts are usually evaporated on surfaces cleaved in high vacuum to
avoid the formation of defects and oxide layers. This is not the case of the samples
investigated in this project because the surfaces metallised were firstly etched and
then exposed to air before the metallisation. Although the sidewall surfaces were
deoxidised in HF before the metal evaporation, there was a short range of time
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(usually 15 minutes) between deoxidisation and the evaporation of metals. The
measurements of barrier heights have been carried out to prove the formation of a
rectifying barrier and therefore the creation of a diode detector.
Further measurements on the leakage current were performed on single hexagonal
cells made using the configuration shown in figure 5.11.b.
The results of measurements carried out on doped silicon 3D detectors of various
diameters, formed by 100 minutes dry etching, are shown in figure 6.2. Since the
dry etch rate is diameter dependent the depth of the detectors in figure 6.2 are 100,
160 and 180mm for 10, 20 and 30mm diameters holes respectively.
The characteristics are in qualitative agreement with the typical characteristic of
Schottky diodes. The leakage current increases for the holes with bigger diameters
are due to the smaller distance between the electrodes and the greater depth of the
holes with larger diameters. The pitch of the cell was kept constant at 85mm but the
Fig 6.2. Current-voltage characteristics measured in forward and reverse bias for
3D detectors with different diameter holes. The diameters are indicated in the plot.
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diameter of the holes was different therefore the distance between the biased
electrode and the grounded electrodes varied.
Figures 6.3 show the current voltage characteristics in forward and reverse bias for
several 3D detectors made on various substrates using different processes. For
silicon and gallium arsenide the values of the reverse leakage currents are 30nA
per unit cell at -35V for gallium arsenide and 60nA per unit cell at –40V for
silicon. As reported later in the charge collection and capacitance measurements,
the full depletion voltage is about -35V for gallium arsenide and –40V for silicon.
For comparison, “standard” values of the leakage currents for planar detectors are
Fig 6.3. Current-voltage characteristics measured for different semiconductors. The GaAs
detector has laser drilled holes with a diameter of about 10mm which are 525mm deep.
Silicon detectors have holes with a diameter of 10mm which are 100mm deep. SiC has laser
drilled holes with a diameter of 10mm which are 300mm deep.
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0.4nA/mm2 for a 300mm thick planar silicon detector (p+-n junction) and 40nA/mm2
for a 500mm thick GaAs detector (Schottky junction).
For SiC the value of the dark current is much smaller than silicon and gallium
arsenide and approximately linear with applied voltage. This is expected for a
wide band gap material such as SiC [79]. Leakage current at room temperature in
SiC detectors can be up to 1000 times smaller than silicon detectors with the same
geometrical characteristics.
6.1.1 MEDICI simulation
To understand the behaviour of the 3D detectors, simulation was carried out on a
structure similar to the one fabricated. The software package used for the
simulation was MEDICI [77]. MEDICI is a powerful program that can simulate the
behaviour of semiconductor devices. It models the two-dimensional distributions of
potential and carrier concentration in a device. The program can be used to predict
electrical characteristics for arbitrary bias conditions.
MEDICI uses a non-uniform triangular simulation grid and can model arbitrary
device geometries. The simulation grid can be refined automatically during the
solution process.
Some physical models were included in the program in order to obtain accurate
simulation of the electrical characteristics. The models used were: barrier
lowering, impact ionisation, Shockley-Read-Hall theory, Auger effect and mobility
dependent on the carrier concentration.
A number of additional physical models were incorporated into the program for
accurate simulation. These include models for recombination, photogeneration and
CHAPTER 6. ELECTRICAL MEASUREMENTS 174
band-gap narrowing. MEDICI also incorporates both Boltzmann and Fermi-Dirac
statistics, including the incomplete ionisation of impurities.
The electrodes have all been set as Schottky contacts and have a diameter of 10mm
as shown in figure 6.4. The workfunction of the metal was given as the input
parameter. The Schottky barrier height value was found experimentally using the fit
shown in figures 6.1. In order to increase the charge mobility, the material used was
n-type silicon, with ND =1012 cm-3. This value was equal to the doping concentration
of the n-doped silicon supplied by Si-Mat.
Sidewall damage [73] due to the creation of the electrodes was introduced into the
simulations in order to take into account the defects produced by the dry etching.
The distribution and nature of these defects has been studied and modelled with
MEDICI and compared to experiment. Equation 6.3 shows the distribution function
Fig 6.4. On the left, the simulated hexagonal geometry of a 3D detector is shown. The
red circles are biased electrodes whereas the blue circles are grounded electrodes; on
the right, the defect distribution around the electrodes is shown.
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that was incorporated into the MEDICI simulation of 3D detectors. The defect
density, ND (cm-3), is given by:




















where r=(x,y) and ri=(xi,yi). Here xi and yi are the central coordinates of an
electrode which has a radius R (=5mm). z is the distance from the top of an
electrode to the depth at which the 2D cross section is modelled; its value was set
at 50mm to simulate a high damage region (middle of the hole depth). The etch rate,
u, is taken to be 1.3mm/min, with the total etch time, t, set to 100 minutes. The term





 where Ji (=1014 particles/cm2/s) is the bombarding ion flux
density in the dry etching process, a (=10-3) is the probability of an incident ion
being scattered into the (110) direction and lc  is the mean channelling distance
(= l2  with l=15nm for the F+ etch).
The values of the parameters before the exponential part in equation 6.3 were used
as the starting point for the MEDICI simulation. These value were changed in order
to fit the experimental results obtained from current-voltage characteristics.
The damage distribution is shown in figure 6.4. It can be seen that the trap density is
high very close to the electrode and drops off quickly to zero within 0.5mm. This
creates a cylinder of traps surrounding each electrode. Differences in the trap
concentration around the electrodes may be due to the triangularisation used to
model the device. For modelling purposes the damage is represented by one donor
level trap, located 0.04eV below the Fermi level. This is assumed to be the
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dominant recombination centre and forms an accurate representation of the damage
[57].
In this chapter, only results from silicon 3D detectors are reported. Details of
MEDICI simulations carried out on 3D gallium arsenide detectors can be found in
[73].
Figure 6.5.a shows the current-voltage characteristics as a function of the trap
concentration. The effect of the traps is to reduce the leakage current in the Schottky
junction. The current without sidewall damage is two orders of magnitude higher
Fig 6.5. (a) Current-voltage characteristic for different trap concentrations. (b) Potential drop
across a 3D detector. (c) Current voltage curve for silicon 3D detectors dry etched and with a
diameter of 10mm. (d) A sample with similar characteristics  simulated with MEDICI.
(c) (d)
(b)(a)
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than the current with the trap concentration set at 1014cm-3. The effect of the traps on
the leakage current can be explained by considering that the sidewall defects create
a space charge region around the electrodes which screen the potential applied
across the junction.
This leads to a smaller potential drop across the junction when the defects are
included in the simulation. This is shown in figure 6.5.b where a bias of 9V was
applied to a device with a trap concentration of 1017cm-3. It can be seen that the
drop of the potential across the junction is reduced to 2V.
The dark current measured for the hexagonal cell can be reduced by biasing the
surrounding pads. Figure 6.5.c shows the leakage current measured experimentally
for a single hexagonal cell (circuit 5.11.b) and for the complete array of cells using
the configuration shown in figure 5.11.a. Strips of holes were connected together
creating a hexagonal geometry for the elementary cell (the current measured for the
circuit 5.11.a was normalised to a single cell by dividing the total current by the
number of electrodes). The total number of the fabricated electrodes (or hexagonal
cells) was 1088.
The same results were found when simulating the hexagonal cell by biasing first
only the central pad and then biasing the six pads surrounding it (red electrodes in
figure 6.4). The trap concentration chosen was 1017cm-3 since this value fitted the
experimental characteristics. Differences appear in the breakdown voltage that
occurs at about -75V for the simulated cell and, at low bias, for the single pad
biased electrode. The simulated current voltage characteristics are shown in figure
6.5.d.
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6.2 Capacitance measurements
The capacitance measurements were performed using a Hewlett Packard 4274A
multi-frequency LCR meter (frequency range 100Hz-100kHz) and a Keithley-237
bias supply. A LabView program controlled both instruments. The detectors were
placed in a metal box in the environmental chamber to provide electrical and light
shielding. DC bias was supplied from the Keithley-237 via the high-output of the
LCR instrument to deplete the detector. A 1mV AC signal from the LCR meter was
used to determine the reactance of the device and hence the capacitance. It is
assumed that the capacitance is the only element in the circuit so that when a small
signal bias is applied the current flow is shifted in phase by 900. It is this phase






where Z is the capacitor impedance and V is the small AC voltage of angular
frequency w. 
The capacitance is determined from the current measurement. Figure 6.6 shows the
capacitance measurements performed at 11 AC signal frequencies ranging from
100Hz to 100kHz. A bias step was applied to the device and, after a time delay of
10s, the capacitances were measured.
The capacitance measured for a 3D silicon detector realised by dry etching
technique (design in figure 5.11.a) is shown in figure 6.6. The holes had a diameter
of 10mm and were 130mm deep. The pitch of the hexagonal cell was 85mm. The
value of the capacitance increases in the range 0V to about -25V to a maximum and
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then decreases until -40V to become constant. This value is likely to represent the
full depletion voltage of the detector.
The limiting value of the capacitance shown in figure 6.6 can be compared with the
theoretical prediction of a fully depleted cylindrical detector. The equation to















where l  is the length of the cylinder (or the depth of the holes), r1 is the inner
radius (the diameter of the central electrode) and r2 is the outer radius of the
cylinder (the pitch of the hexagonal cell). Using equation 6.5, the value of this
capacitance is equal to 2.4.10-11F (this value has been normalised to a complete
array of holes such as in the circuit shown in figure 5.11.a). This value is very
Fig. 6.6. Capacitance-voltage characteristics for a 3D silicon detector at different
frequencies. The design used to carry out the measurement is the one shown in figure
5.11.a. The value of the capacitance has not been normalised to a single cell.
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close to the measured value of the capacitance above -40V, so this is the
geometrical capacitance from a fully depleted 3D device. The discrepancy between
the measured capacitance and the theoretical geometric capacitance could result
from an inaccuracy in the determination of the area of the 3D detector.
Qualitatively it is seen that the experimental capacitance results are frequency
dependent. This frequency dependence could be due to defects introduced by the
dry etching process or to intrinsic defect levels. The measured capacitance depends
[80] on the emission time of the charges from the deep defects levels. These
emission times can be longer than the period of the high frequencies AC signals
applied to the detector to calculate the capacitance. Therefore, the capacitance
characteristic should follow the ideal curve only at high frequencies.
The voltage-capacitance characteristic shown in figure 6.6 has a bell shaped
response in the range (0, –30V) at low frequencies. This may be due to the sidewall
damage induced by the etching. The increasing of the capacitance could be
explained by the presence of a fixed space charge close to the electrode surface.
When the defects trap electrons they become negatively charged. This means that
there is a cylinder of negative space charge surrounding each electrode. This leads
to a positive image charge on the electrode, resulting in the positive charge offset.
The depletion region cannot move toward the junction up to a certain threshold
bias. The result is a build-up of charges on the electrodes and a constant value of
the depletion region. This leads to an increasing of the capacitance until the
potential can move beyond the space charge region induced by the defects.
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6.3 Charge collection
The charge collection characteristics and the experimental procedure used for the
characterisation of the 3D detectors are described in this section. Collection
efficiency when irradiated with both alpha particles and X-rays have been
investigated in detail. These measurements are fundamental in obtaining an
understanding of the 3D detectors working as radiation detectors.
6.3.1 Alpha particles
The apparatus used for the alpha particle pulse height measurements is shown in
figure 6.7. The detector was both reverse and forward biased, applying the
potential via an ORTEC charge sensitive pre-amplifier.
For light and electrical screening the sample was placed in a metal box which had a
2cm hole on one side. An americium-241 (alpha-5.45MeV) source was placed
above this hole to irradiate the device. Due to the limited range of alpha particles in
air, the apparatus was placed in an evacuated metal container at a pressure of
10mbarr.
The signal from the detector was read by a charge-sensitive Ortec pre-amplifier
connected to a post amplifier with a 500ns shaping time. The basic function of a
preamplifier is to amplify weak signals from a detector and to drive them through
the cable that connects the preamplifier with the rest of the readout electronics. The
signal for a semiconductor detector is a quantity of charge delivered as a current
pulse lasting from 10-9s to 10-5s, depending on the type of detector and its size. The
basic idea of a charge-sensitive preamplifier is to integrate the charge carried by
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the incoming pulse on a fixed capacitor Cf (feedback capacitor). The output voltage






where Ne-h is the charge released by the detector. The preamplifier package is kept
small to permit mounting it as close as possible to the detector, thus reducing input
capacitance caused by cabling and decreasing microphonic noise, ground loops and
radio frequency pickup, all of which are sources of noise for the charge-sensitive
preamplifier.
The post amplifier has two main purposes: to amplify the signal from the
preamplifier and to shape it to a convenient form for further processing. In both
cases, the amplifier must preserve the information of interest. For spectroscopy
amplifiers one of the most important factors is the pulse-shaping characteristic. In
general, the pulse coming from the preamplifier can be characterised as an
exponential with a long tail, t, to assure that complete charge collection occurs.
The amplitude of this pulse is proportional to energy. If a second signal should
arrive within the period t, it will ride on the tail of the first, its amplitude will be
Fig.6.7. Alpha particle pulse height measurement apparatus. On the left, is shown a
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modified, and the information contained in the second pulse distorted. This effect is
known as pile-up and one way to avoid it is to reshape the tail. The post amplifier
used in this project had a semi-Gaussian shaping. The semi-Gaussian shaping is an
approximation of an ideal Gaussian pulse which can not be realised electronically.
Therefore, the semi-Gaussian pulse is generated with a network of CR
differentiation followed by many RC integrations, i.e., a CR-RC-RC-CR-...
cascade. The shaping time was set at the minimum possible, 500ns, since in this
configuration the best signal-to-noise ratio was obtained.
After being shaped by the post amplifier the signal was processed by a PC-based
multichannel analyser (MCA) to obtain a pulse height spectrum. The MCA works
by digitising the amplitude of the incoming pulse with an analog-to-digital
converter (ADC). The MCA then takes this number and increments a memory
channel whose address is proportional to the digitised value. In this way incoming
pulses are sorted out according to pulse height and the number at each pulse height
stored in memory locations corresponding to these amplitudes.
Within a semiconductor, alpha particles deposit energy according to the Bragg
curve [18], resulting in most of the alpha particle energy being deposited at the end
of its path (about 25mm in silicon and 20mm in gallium arsenide).
The expected number of electron–hole (e-h) pairs created by an alpha particle with




1045.5 66 -´=´=- [6.7]
where 3.6eV is the average energy to create an e-h pair in silicon. For gallium
arsenide the average energy to create an e-h pair is 4.2eV and therefore the number
of electron-holes created by an alpha particle with energy of 5.45MeV is 1.29.106.
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The charge collection efficiency (CCE) is defined as the amount of charge collected
divided by the amount of charge deposited, Ne-h. The number of particles collected
is proportional to the pulse height of the signal read by the MCA.
The alpha measurement apparatus was calibrated using a reference silicon detector
(ORTEC surface barrier detector [81]) irradiated with a multi-emitter source. The
source was composed of three alpha emitting isotopes: 239Pu, 241Am and 244Cm.
Figure 6.8 shows the three peaks fitted with Gaussians obtained by irradiating the
silicon reference detector with the multi emitter source. A linear fit of the position
of the peaks gave the channel number versus energy calibration.
Heavy charged particle sources are usually made of heavy nuclei that are
energetically unstable against spontaneous emission of an alpha particle (or He4
Fig. 6.8. Calibration peaks obtained by irradiation of a reference silicon detector with
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nucleus). The probability of decay is governed by the tunnelling of the alpha
particle through the potential barrier of the nucleus.
The alpha particles appear in one or more energy groups, which are, for all
practical purposes, monoenergetic. For each distinct transition between initial and
final nuclear configuration, a fixed energy difference or Q-value characterises the
decay. This energy is shared between the alpha particle and the recoil nucleus in a
unique way, so that each alpha particle appears with same energy given by Q(A-
4)/A, where A is the atomic weight of the initial nucleus. In many cases only one
such transition is involved and the alpha particles are therefore emitted with a
unique energy. Other examples, such as that shown in figure 6.9, involve more than
one transition energy so that the alpha particles appear in groups with different
relative intensities.
Table 6.1 lists some properties of the radioisotope sources of alpha particles used
to test the fabricated samples. Unstable particles can decay into any combination of
other particles that are allowed by energy conservation and are not forbidden by
Fig. 6.9. Alpha particles produced in the decay of 238Pu. The scheme shows the energy
levels in the product nucleus labelled in MeV.
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some selection rule. The fraction of the time a particle decays into a specific
channel is referred to as its branching ratio.
















Figures 6.10 shows the pulse height spectrum for a GaAs 3D detector, made by
laser drilling, obtained using the americium-241 source. All the bias values shown
in the pictures are negative. The CCE above 10V is about 50% of the total charge
generated by the alpha particles. The CCE reaches the maximum at about 30V and
then stays constant. This means that this value of the bias represents reasonably the
full depletion voltage of the detector. Similar results have been found with X-ray
measurement as explained in section 6.3.2.
Figure 6.11 shows the pulse height spectrum for a Si 3D detector [82] irradiated
with the same source used for the GaAs. The peak at 20V is not shown in the
spectrum plot because it was measured for a longer collection time compared to the
other peaks and so is on a different scale. This was necessary because the noise
was higher and the peak more difficult to be obtained. For the silicon detector, the
full charge collection is reached at a value of bias just above 50V. The CCE above
50V is about 60% of the total charge generated by alpha particles.
Tab 6.1.
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The CCE measurements reported above have been compared to planar detectors
made with silicon and gallium arsenide substrates similar to those used for the
fabrication of 3D detectors. The planar detectors were made using the same metals
used for the fabrication of 3D detectors, as explained in chapter 5. The detector had
a pad of 5mm with a guard ring.
The maximum CCE obtained for planar GaAs detectors was the same as that
generally obtained for 3D detectors. The reason for lost charge may be due to the
defects present in the material. The defects responsible for the charge loss are the
EL2 complex [83] which act as traps for the free carriers generated by the ionising
radiation.
No signal was found in the silicon planar detector because of the high leakage
current. This was expected due to the poor performance of the Schottky contact on
silicon. However, the reason for charge loss in the 3D silicon detector is likely to
be due to the damage induced by the dry etching process. Defects formed inside the
bulk of a semiconductor material introduce discrete energy levels into the band gap







































Fig. 6.10. On the left, the alpha particle pulse height spectrum of a 3D GaAs
detector is shown for different biases. On the right, the picture shows the
charge collection efficiency for the same detector. The detector was reverse
biased.
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as was explained in section 2.6. These levels, called deep level impurities [84], act
as traps for the charges created by ionising radiation. If the time for de-trapping is
bigger than the time to collect the charge, the signal is lost [85].
6.3.2 X-rays
X-ray pulse height spectra at energies of interest to medical applications (Appendix
A) were measured with the fabricated detectors. For light and electrical screening
the sample was placed in a metal box which had a hole on one side. The set-up
used for X-ray measurements was similar to that shown in figure 6.7. The only
difference is that operation in vacuum is not necessary for X-rays since the energy
lost in air is not significant.
A multi-energy X-ray source was placed at this hole to irradiate the device. X-rays
are usually generated by striking a target with an external source of radiation. The
radiation excites or ionises the atoms in the target through the processes described




































Fig. 6.11. On the left, the alpha particle pulse height spectrum of a 3D Si
detector is shown for different biases. On the right, the picture shows the charge
collection efficiency for the same detector. The detector was reverse biased.
CHAPTER 6. ELECTRICAL MEASUREMENTS 189
in chapter 3. Because many excited atoms or ions in the target subsequently de-
excite to the ground state through the emission of characteristics X-rays, the target
can serve as a localised source of these X-rays.
Figure 6.12 shows a schematic of the multi-energy source used for the X-ray
measurements. Alpha particles are used to excite the target. Alpha particle
excitation avoids the complication of bremsstrahlung associated with electron








Fig. 6.12. On the left, the general method for the generation of characteristic X-rays from a
target is shown. The exciting radiation can be X-rays, electrons, alpha particles or any other
ionising radiation. On the right, the cross-section of a compact source of characteristic X-
rays which uses alpha particle excitation of a target is shown. The energy of the X-rays can be
selected by rotating the target in front the alpha source. In this way, only one X-ray energy is
emitted by the source.
Tab. 6.2.
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Table 6.2 shows the decay lines having the highest probability out of the X-ray
source used to test the 3D detectors. These values have been taken from the “Table
of Isotopes” 8th edition [86].
Figure 6.13 shows the pulse height spectra of fluorescent X-rays of Mo, Ag, Ba, Tb
and Am obtained from the gallium arsenide 3D detector [87]. The holes in the
substrate were made using the laser drilling technique and the contacts were
evaporated using the recipe reported in chapter 5. The configuration used for the
characterisation was the one shown in figure 5.11.b.
The energies of the X-rays emitted by this source are in the range 17keV to 60keV
as indicated in table 6.2. The average energy resolution obtained from this
measurement was calculated to be about 40%. The energy resolution of a detector
is calculated by sending a monoenergetic beam of radiation into a detector and
observing the resulting spectrum. The result is a peak structure with a finite width,
























Fig 6.13. X-ray pulse height spectrum for a laser drilled 3D gallium arsenide detector.
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usually Gaussian in shape. The width is normally due largely to the fluctuations in
the number of electron hole pairs produced. The energy resolution, R, is given in
terms of the FWHM (Full Width at Half Maximum) of the peak. Denoting the width






The energy resolution is a dimensionless fraction conventionally expressed in
percentage terms.
Target s/E DE/E FWHM(keV)
Mo 20.0% 47.1% 8.2
Ag 19.4% 45.5% 10.1
Ba 18.2% 42.8% 13.8
Tb 17.6% 41.4% 18.4
Am 14.5% 34.1% 20.3
Table 6.3 shows the most important quantities obtained by fitting the X-ray spectra
shown in figure 6.13. A typical value [83] of the FWHM at room temperature for
GaAs planar detectors is 15.5keV at 60keV and the lowest energy observable in the
spectrum is about 20keV.
Another important quantity measured for the fabricated detector was the detection
efficiency. For charged particles such as alpha particles, the interaction within the
active volume of the detector takes place immediately upon entry into the material.
After travelling a small fraction of its range, the particle forms enough electron-
hole pairs along its path to ensure that the resulting pulse is sufficiently large to be
Tab.6.3
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recorded. Under these conditions, the detector can easily “see” every particle that
enters its volume and it is said to have a counting efficiency of 100%.
Uncharged radiation, such as X-rays must first undergo a significant interaction in
the detector before detection is possible. Because this radiation can travel large
distances before interaction occurs, detectors are often less than 100% efficient.
The intrinsic efficiency is defined as:
detector  theonincident quanta  ofnumber 
recorded pulses ofnumber 
int =e . [6.7]
The number of quanta incident on the detector depends on the solid angle
W  subtended by the detector at the source position.
Figure 6.14 shows a schematic of the relative position of the source (which is
assumed to emit radiation isotropically) where d is the distance between the
detector and the source, a is the detector radius and A is the detector area.
For simplicity, the detector irradiated is considered to be cylindrical. Therefore,
for the case of a point source located along the axis of a circular cylinder detector,












-=W p . [6.8]
Fig.6.14. Schematic of the solid angle subtended by
the detector at the source.
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The number of particles that reaches the detector was calculated by considering that
the radioactive source (Am) has a known activity of 10mCi. The detector was









The area under the Gaussian curve for the Am spectrum in figure 6.15 gives the
total number of pulse recorded. The intrinsic detection efficiency was then
calculated as in equation 6.7 and was found to be 9.7%. However, this number must
be compared with the absorption efficiency expected for a GaAs detector shown in
Fig. 6.15. Spectrum curves at different bias obtained by illuminating the
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figure 3.8. From this comparison, it can be stated that almost all the quanta incident
on the detector area A have been collected.
Figure 6.15 shows the pulse height spectra obtained as a result of illuminating the
GaAs detector with the 45keV X-ray source for various applied biases. It can be
seen that the position of the peak did not change significantly above -25V.
However, the total number of particles detected reaches a plateau for biases above
-35V. This is shown in figure 6.16 where the CCE geometry is plotted versus the
bias applied. The CCE geometry represents a measure of the active volume of the
detector. Increasing the bias, the depletion region expands towards the grounded
electrodes. Therefore, the detector is fully depleted when the number of particles
detected does not increase further.
The value of the bias obtained from X-rays measurements is in agreement with the
results obtained for the alpha spectrum measurements. Similar results were found
irradiating the detector with the other sources.
Fig. 6.16. CCE measured considering the peak position of the Gaussian spectra in figure 6.16
(the peak position has been normalised to the value at –40V) and the active volume of the 3D
detector, both as a function of the applied bias. The detector was reverse biased.
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Figure 6.16 also shows the CCE measured considering the peak positions of the
Gaussian spectra. This quantity represents the number of charge carriers collected
relative to the 40V measurements. An absolute calibration was not possible since a
reference detector for X-rays was not available. The total charge collection
efficiency calculated using equation 6.7 was estimated to be 75%, based on the
alpha calibration.
6.3.3 MEDICI simulation
The charge collection efficiency of silicon 3D detectors was simulated using the
MEDICI software package. The 3D detector geometry is as described in section
6.2.2. The sidewall trap density was varied in order to understand its effect on the
charge collection of the detector. An initial charge of 21600 electron-hole pairs
was generated at time 1ns, half way between the two oppositely electrodes biased.
These pairs correspond to the charges generated by an alpha particle (see Chapter 3
for ionisation processes) in about 1mm3 of bulk material.
Figure 6.17.a shows simulated charge collection induced by ionising particles in a
reverse biased 3D detector. The signal reaches its maximum after 10ns for a bias of
10V but this delay can be significantly reduced at higher bias. At 50V the total
collection time is 2ns whereas at 80V it is only 1ns.
These times are significantly shorter than typical times for detectors with 2D planar
electrodes. The signal on microstrip detectors [24], for example, takes about 25ns
to return to the baseline, neglecting amplifier delays.
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Figure 6.17.b shows the effect of the sidewall defects on the signal collection. The
parameters of the trap added to the simulation are as described in section 6.1.1. The
concentration of the traps was varied by changing the value of the parameters
before the exponential part in equation 6.3. The values used for the simulation are
reported in the figure. The bias is set at 50V because at this value the 3D detector,
measured experimentally, is supposed to be fully depleted.
Fig. 6.17. Total charge pulse in the simulated detector. (a) Charge collection
without sidewall damage at several biases. (b) Charge collection with different
concentration of sidewall damage. The bias was set at 50V.
(b)
(a)
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The simulation shows two effects of the traps on the charge collection. The first is
that the signal is much slower, reaching its maximum after 12ns for the lowest
concentration considered. The second effect is a loss of the charge collected at the
electrodes for trap concentrations beyond 1014cm-3. In all these cases, the maximum
signal collected is only 10% of the maximum signal. It must be reported that the
results from charge collection efficiency simulation do not agree with the leakage
current model. The discrepancy may be due to other effects induced by the damage.
6.4 Results and discussion
In this chapter the electrical characteristics of fabricated 3D detectors have been
described in detail. The formation of the Schottky junction at the metal
semiconductor interface was verified by measuring the value of the barrier height
for several detectors made under different conditions. The values of the Schottky
barrier heights agree with the data reported in the literature [12].
Current-voltage characteristics have been studied in depth since the leakage current
is an important limiting factor in detector applications. The values of the current
were found to be in the order of nano amperes for most of the cell fabricated.
Currently these results are not as good as the best planar technology available
however the performance of 3D detectors may be improved if p+-n junctions can be
formed between the electrodes instead of Schottky diodes. The formation of the p+-
n junctions also solves the problem of the sidewall damage induced by the etching.
Since the dopant diffuse inside silicon the contact is formed beyond the sidewall
damage and therefore the latter does not have an effect on the charge collection.
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Measurements on Schottky diodes made on n-doped material were not carried out
since the surface of the detector became conductive. The resistance between the
electrodes was found to be only 90W. This might have been induced by the
thickness of the oxide layer not being enough to screen the substrate surface from
the doping, as explained in Chapter 5. Future samples will be fabricated with
thicker oxide layers.
The capacitance measurements performed at low frequencies on silicon 3D
detectors reveal the presence of defects due to the dry etching process or to the
intrinsic defect levels of the material.
Pulse height spectrum measurements were carried out for both alpha particles and
X-rays. Results were obtained with the 3D silicon detectors where the planar
detectors did not show any spectra due to their high leakage current.
The gallium arsenide detector showed good response to X-rays in the range 17-
60keV. The limiting factor in the resolution measurements for X-rays might be due
to the fact that only one cell was biased while the surrounding cells were left
floating. Future work will investigate the behaviour of a full array of cells using
wire bonding technology to connect each electrode to the read-out electronics.
Charge collection simulation has shown that the trapping centres created by the
etching process can affect the charge collection, depending on their concentration.




Other applications of 3D technology
In this chapter, one further application of the technology developed to fabricate the
3D detectors will be discussed.
The ability to create a matrix of uniform diameter holes through a semiconductor
wafer thickness was used to fabricate a Gas Electron Multiplier (GEM) in silicon
wafers.
This project was carried out in collaboration with the Weizmann Institute of
Science [88]. The author was involved in the fabrication of the GEM devices at
Glasgow University.
7.1 Gaseous photomultipliers
The Gas Electron Multiplier (GEM) is a device developed for the proportional
amplification of electrons released in a gas by radiation. It can be used as a pre-
amplification stage in a cascade of detectors.
Figure 7.1 shows a schematic of the operational principle of GEM device. The
GEM consists of a thin foil, about 100mm thick, perforated by a high density of
holes, typically 100mm-2. The foil can be a polymer, such as kapton, or a
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semiconductor material. Semiconductor materials are usually preferred since they
are more stable and it is easier to extract electrons.
The foil is covered with a thin layer of metal, usually gold. Applying a voltage
difference across the foil causes it to act as an amplifier for the electrons released
by radiation in the surrounding gas volume. Preliminary results [89] have led to the
development of GEM devices with a proportional gain up to 104, suitable for direct
detection of ionisation on simple charge-collecting electrodes. Cascading several
amplifying elements in the GEM device, higher gains can be obtained.
GEM detectors have many applications, the most important of which is the
detection of single photoelectrons with possible application in large area visible
light imaging.
Figure 7.2 shows a cascade of GEM photomultipliers. The GEM is coupled to a
photocathode that emits electrons when is hit by the radiation. The electron emitted
by the photocathode is then transferred into the GEM1 aperture, multiplied and
further transferred towards the next amplifier element. A total gain of up to 106 can
1 e- in
103 e- out
Fig. 7.1. Schematic representation of the GEM amplifying
process. The lines show the electric field inside the holes.
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be obtained operating in atmospheric Ar:CH4 (20:80). The multiplied electrons are
finally collected at the anode strips and read through suitable read-out electronics.
The GEM system was first proposed by Sauli [90] and details of how it functions
can be found in several papers [91-92].
7.2 Fabrication steps
The dry etching techniques developed in this project to create uniform arrays of
holes semiconductor material have been used to fabricate GEM photomultipliers.
Fig. 7.2. A quadruple GEM photon detector with the photocathode and the anode
strips positioned respectively at the top and bottom of the device.
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Holes with different diameters were etched into 125mm thick 2” diameter silicon
wafers. Figure 7.3 shows holes etched for the fabrication of GEM devices. The
geometry of the holes was hexagonal with four different pitches: 160, 240,320 and
400mm. At each pitch the corresponding hole diameter was respectively: 80,
120,160 and 200mm.
The recipe used for the STS process was changed in order to fit the characteristics
of the array of holes. Compared to the high aspect ratio holes required and achieved
for 3D detectors, the holes needed for the GEM devices have an aspect ratio of
about 1:1. The parameters of the etching recipe are given in table 7.1.
Etch time 12s SF6 (SCCM) 130
Passivation time 9s C4F8 (SCCM) 85
APC 740q Plate generator 12W
Chamber pressure 10-6Torr Coil generator 600W
The platen temperature was kept at 450C.
Table 7.1.
Fig.7.3. Dry etched holes used for the fabrication of GEM devices.
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A thick layer of silicon di-oxide (SiO2), 1000nm, was grown by thermal oxidation
on the etched devices. The oxide provided good electrical insulation between the
top and bottom surfaces of the GEM kept at different potential. Since high voltage
differences are commonly used for the multiplication process (on the order of
500V) good insulation is necessary to avoid shorting.
Thermal oxidation was used since the oxide layer was required to be uniformly
grown on all parts of the substrate. The sample was placed in a furnace at a
temperature of 11800C in a water vapour atmosphere for 10 hours. The following
chemical reaction describes the thermal oxidation of the silicon:
(gas) 2Hsolid)( SiO(gas) O2Hsolid)(S 222i +=+ . [7.1]
The silicon–silicon dioxide interface moves into the silicon during the oxidation
process. An ellipsometer was used to check the oxide layer grown on the surface.
This layer was found to be 950nm thick.
The last process in GEM fabrication was the deposition of a thin layer of metal on
the wafer surfaces to provide electrical contacts and apply the potential for the
electron multiplication.
Metal sputtering was used to deposit a 200nm layer of gold on both wafer surfaces.
A photoresist mask was spun to create the desired circuit.
In the sputtering process the substrate is placed in a vacuum chamber with the
source target material and an inert gas (such as argon) is introduced at low
pressure. A gas plasma is struck using an RF power source causing the gas to
become ionised. The ions are accelerated towards the surface of the target, causing
atoms of the source material to break off from the target in vapour form and
condense on all surfaces including the substrate.
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To avoid the gold depositing inside the holes during the sputter process the mask
used to create the circuit had the reverse pattern of the mask used to create the
holes. In this way, the photoresist inside the holes was not exposed to the UV light.
An example of the fabricated sample is shown in figure 7.4.
7.3 Result and discussion
GEM photomultipliers were fabricated using the technique developed for 3D
detectors. Uniform arrays of holes were successfully etched into 125mm thick
silicon wafers using the ICP-ASETM process. The structure necessary to apply high
voltage difference between the two surfaces was created using thermally grown
oxide and gold sputtering.
The samples will be sent to the Weizmann Institute of Science in Israel for
electrical characterisation. If the results are satisfactory more samples will be
fabricated and tests on gallium arsenide will be started.
Fig. 7.4. GEM device. On the surface it is possible to see the layer of




Conclusions and future work
Conclusion: in this thesis, the fabrication, characterisation and simulation of 3D
detectors have been presented in detail. After the introductory background in
chapters 2 and 3, the technologies developed to fabricate the 3D detectors are
presented in chapters 4 and 5. The results from the electrical and radiation source
characterisation of the fabricated detectors are shown in chapter 6. In chapter 7, the
applications of these technologies to the fabrication of GEM photomultipliers are
described.
As part of fabrication of 3D detectors, dry etching, laser drilling and
photoelectrochemical etching have been investigated in depth, in order to create a
matrix of uniform diameter holes of depth in the range of 100-500mm in Si, GaAs
and SiC substrates. Holes with an aspect ratio up to 14:1 (depth to diameter ratio)
have been successfully created in silicon wafers using an ICP technique
A femtosecond laser has been used to achieve holes with higher aspect ratio, up to
50:1, in several semiconductor materials such as Si, GaAs and SiC. Using this
technique, the first working 3D detectors in GaAs and SiC have been successfully
fabricated. Although laser drilling has some limitations due to the slow processing
time and high cost, it has the advantage of being material independent. This will be
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useful in the development of 3D detectors in new semiconductor materials such as
SiC, CdTe and CdZnTe.
A photoelectrochemical etching system was successfully developed in the physics
department. Matrices of uniform holes have been etched successfully in n-type
silicon wafers with aspect hole ratios up to 15:1.
Process steps have been developed for the creation of Schottky contacts within the
holes created by dry etching and laser drilling. Thin films of metals were
successfully evaporated inside high aspect ratio holes in Si, GaAs and SiC
substrates.
High aspect ratio holes were filled with gold using a standard electroplating
technique. The electroplated gold will be necessary in the future to connect the
holes by bump-bonding to low noise preamplifier chips. Since the bump-bonding
process was not available in-house, aluminium evaporation was used to create
circuits in order to connect the 3D detectors to the read out electronics by wire-
bonding.
Preliminary fabrication steps that make use of the spin on glass technique and
polysilicon deposition were investigated in order to create p+-n junctions. In
particular, the possibility of growing layers of polysilicon inside high aspect ratio
holes has been demonstrated.
As part of the characterisation of the 3D detectors, the formation of the Schottky
junction at the metal semiconductor interface has been verified by measuring the
value of the barrier heights for several detectors fabricated under different
conditions. These values agreed with the data obtained for planar detectors
reported in the literature.
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Since the leakage current is an important limiting factor in detector applications,
current-voltage characteristics were studied in depth. For both silicon and gallium
arsenide, the values found for the leakage current are not as good as the best planar
technology available using p+-n junctions.
Capacitance-voltage measurements were carried out on the silicon detectors to find
the depletion voltage. The depletion voltage was found to be 40V, higher that the
value expected. This is likely to be caused by the presence of sidewall defects
introduced by the etching. Confirmation of the existence of these defects is provided
by the frequency dependence of the 3D detector capacitance.
Pulse height spectrum measurements were carried out for both alpha particles and
X-rays on silicon and gallium arsenide detectors. An energy separation for X-ray
illumination similar to standard planar detectors [83] and an intrinsic efficiency
close to 100% has been found for the GaAs detector.
As part of the simulation, the MEDICI software package was used to analyse the
effect of the sidewall damage introduced by the etching in the 3D detectors. The
simulation showed that the sidewall damage reduces the leakage current in the
Schottky junction by two orders of magnitude. However, the signal generated by the
ionising particles is degraded in time and efficiency by one order of magnitude due
to the traps. This means that the fabrication of 3D detectors should be carried out
avoiding the formation of these traps. Two solutions are possible: one is to form the
holes by electrochemical etching, and the second is to form p-n junctions, which
involves high temperature processes that can anneal the defects.
Finally, the techniques developed for 3D detectors were successfully employed for
the fabrication of GEM photomultipliers. The devices have been sent to the
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Weizmann Institute to carry out electrical measurements and photoelectron
multiplication tests.
Future work includes fabrication and comparison of 3D detectors with holes made
by electrochemical etching. Using this process, holes with aspect ratio up to 100:1
in silicon are expected. No sidewall damage is expected using this technique.
Parameter ramping will be used in the ICP tool to improve the aspect ratio of the
holes created by dry etching.
Further tests will be carried out on the fabricated 3D detectors. These will include
minimum ionising particle irradiation and alpha spectroscopy. Furthermore, some
samples will be irradiated at CERN facilities in order to prove the ability of 3D
geometry to sustain higher radiation dose than conventional planar structures.
Single electrodes will be connected to single channel read out electronics. The
Dash-E readout chips from RAL will be used to achieve better spectroscopy
measurements.
In the near future, p+-n junctions will be created as alternative to Schottky junctions.
In this way the problem related to the doping of the holes with two different
impurities will be solved. Also, the sidewall defect induced by the dry etching
technique, which limits the performance of Schottky contacts, will be annealed out
in the high temperature diffusion process.
p+-n-n+ junctions will be created by filling the holes with polysilicon when this




Semiconductor detectors are efficient charged particles and photon detectors which
can be used as high precision 2-dimensional sensors. Among the different
applications of this type of device are medical X-ray imaging and high-energy
physics experiments [28].
There are at present two main diagnostic methods based on radiation which are
widely used in medicine: X-ray radiology and nuclear medicine. In the first the
patient is illuminated with an X-rays beam and an image is taken of the absorption
of parts of the body with different densities. In the second method, a drug is chosen
according to the metabolism of the organ under study so that if anomalies are
present they will act as accumulation centres for the drug. The information desired
is in this case spatial distribution of the source within the body.
For X-ray imaging the energy interest goes from about 20keV (mammography) up to
about 70keV (dental and chest radiography) as can be seen in figure A.1. Within
this energy range a number of imaging techniques [28] are used, including digital
radiography (DR) with some special applications like scintigraphy and dual
subtraction angiography performed at 33.16keV the Iodine K-absorption, computed
tomography (CT) between 50 and 70keV, and synchrotron radiation applications
which normally employ lower energy X-rays.
Appendix A. IMAGING IN MEDICINE 210
Synchrotron sources are the perfect X-ray sources for medicine because the beam is
monochromatic, but compact synchrotron sources to be sited in hospital and
laboratories are at present only in development [28].
For radiological examination higher X-ray energies than those mentioned above
would be preferred because this would reduce the skin dose however this results in
reduced soft tissue contrast, so the working energy is chosen depending on the type
and structure of the object to be imaged.
In mammography, for example, the current dose given to the organ is about
150mrads and the minimum contrast distinguishable in a developed film is about
3%. From recent studies [93], there are two possible types of early stage tumours
which can be detected. The first is a small calcification of about 100mm with high
contrast and the second a nodule of low contrast (from as low as 1%) with
dimension in the cm range. These dimensional and contrast requirements, together
Fig. A.1. Energy range for the most typical medical and biological X-ray examination.
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with the need to reduce the resent dose, fix the detector parameters for this
application.
In biology one of the principle techniques used to localise cell or macromolecules
and to study their metabolism is autoradiography. The tissues or the molecules
under study are traced with radioisotopes which do not change the chemical
properties of the tissue under investigation. The radioisotopes, which are usually b-
emitters, are compatible with the metabolism of the cells so that the evolution of a
certain chemical process can be investigated by following the spatial distribution of
the radioactivity.
There are two main techniques used for X-rays detection:
Fig. A.2. Comparison of direct and indirect conversion steps to obtain an X-ray image.
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· Direct detection: the detector directly converts the absorbed X-ray into a charge
signal.
· Indirect conversion: a converting medium is used to increase the efficiency of
the detector. In this way an X-ray hits a phosphor that converts the radiation into
light which is then converted into an electrical signal.
Compared with direct conversion, the double conversion of incident radiation leads
to deterioration in the spatial resolution of the image but with the advantage that a
lower radiation dose is required. Double conversion is commonly used in nuclear
medicine since it deals with photon energies above 100keV and thus, common
semiconductor materials have low detection efficiency (as shown in figure 3.8).
A schematic of the two techniques is shown in figure A.2. The 3D detector referred




A cylindrical detector is a good approximation of the electrode configuration of a
3D detector. Considering a single hexagonal cell, this can be approximated as a
cylinder with inner radius r1 given by the central electrode radius and outer radius
given by the pitch of the hexagonal cell. The length of the cylinder is the depth of
the electrodes inside the semiconductor material. Surface effects are not considered
in this approximation.











The boundary condition for the potential difference between the radii is given by
the applied voltage V, V(r2)-V(r1)=V. Solving equation E.1 for E(r)=-dV/dr, the
resulting electric field is:


























provided NA (the acceptor concentration) is constant over the detector volume.
The voltage Vd needed to fully deplete the detector can be found by setting E(r)=0
in equation B.2. The result is:


























































   
=10-4mm=10-8cm
Avogadro constatnt NAVO 6.02204×1023mol-1
Boltzmann constant kB 1.38066×1023J/K
Curie Ci 3.7×1010 disintegration/s
Elementary charge q 1.60218×10-19C
Electron rest mass m0 0.91095×10-30kg
Electron volt eV 1eV=1.60218×10-19J
Permeability in vacuum m0 1.25663×10-8H/cm
Permittivity in vacuum e0 8.85418×10-14F/cm
Planck constant h 6.62617×10-34J-s
Reduced Planck constant h 1.05458×10-34J-s
Pressure atm 1atm=1.0132502bar
Proton rest mass Mp 1.67264×10-27kg
Standard atmosphere 1atm=1.01325×109N/cm2
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Appendix D
Properties of Si, GaAs and SiC at
300K
Properties Silicon Gallium Arsenide Silicon Carbide
Atoms/cm3 5.0×1022 4.42×1022 9.6×1022
Atomic weight 28.09 144.63 39.99




Crystal structure Diamond Zincblende Zincblende
Density (g/cm3) 2.328 5.32 3.2
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5.43095 5.6533 3.073












Measured Schottky Barrier Heights
Table E.1.
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Table E.1 (after Sze [12]) shows the measured Schottky barrier heights for some
elemental and compound semiconductors. The barrier heights are representative
values for the metal-semiconductor contacts made by deposition of high-purity
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